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The Tulu Dimtu Belt of the Arabian–Nubian shield (ANS), Western Ethiopia is a 
lithological trust contact of the Neoproterozoic East African orogen. The Tulu Dimtu Belt 
consists mainly of ultramafics (serpentinites and listvenite), metavolcanics and 
metasediments. Petrological and mineralogical studies of the Tulu Dimtu ultramafic body 
confirmed the preservation of relict mantle olivine in serpentinite and relict chromian spinel 
in both serpentinite and listvenite. A nearly complete metasomatic replacement of ultramafic 
rocks prevents Mg–Fe2+ redistribution between relict chromian spinel and the host, indicating 
that listvenite formation, took place prior to re-equilibration between chromian spinel and the 
surrounding mafic minerals in serpentinites (Sofiya et al., 2017). 
In addition, density, mineral assemblages, molar proportions, fluid-rock ratio, pressure, 
temperature and CO2 and H2O activities (T–P–XCO2) were constrained for the Tulu Dimtu 
serpentinites and carbonates. The results of this study indicate that the protolith was a 
refractory harzburgite, comprising high Cr# [=Cr/(Cr+Al) atomic ratio] (0.79–0.87) of 
chromian spinel and magnesian olivine (90–93 mol% forsterite, Fo). Fo content of olivine in 
massive serpentinite and Cr# of chromian spinel in serpentinites (massive and schistose) and 
carbonates from Tulu Dimtu suggest that their origin related to residue of high partial melting 
in a supra–subduction zone environment, which later serpentinized and carbonated. The Tulu 
Dimtu ultramafic data set overlap into the Arabian–Nubian shield ultramafic field, however it 
has been lost its orthopyroxene and clinopyroxene due to large involvement of carbonated 
fluids in the carbonation and serpentinization of the Tulu Dimtu ultramafic than other parts of 
the ANS. 
Serpentinization and carbonation occurred as a result of infiltration of CO2–rich fluids 
released from carbonate–bearing sediments. Heated sediment with ultramafic, can transfer 
fluids from sediment to ultramafic, is apparently responsible for carbonate alteration in the 
region. Calculated P–T, T(P)–XCO2 phase diagram pseudosections for the bulk rock 
compositions of the Tulu Dimtu carbonated ultramafic shows that XCO2 in the fluid phase 
was reached up to 0.8 at T= 270–575°C and P= 2–8 kbar. Under these conditions, 50–70% 
carbonates (44.1–68.4 vol% magnesite and 0.14–0.17 vol% dolomite) were formed from the 
Tulu Dimtu ultramafic rocks, likely due to CO2–rich fluid interaction with ultramafic rock 
(fluid/ rock =0.17–0.36). This indicates that the ultramafic was extensively reacted to 
produced carbonates at ~ 6–20 km depth, which chiefly formed at the expense of olivine (83.2 
vol%) and evidence for carbonation and serpentinization was took place at the same time at 
lithospheric mantle before brought to the surface. The Tulu Dimtu ultramafic would have 
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been a part of an ocean island formed as mantle wedge, which latter tectonically detached 
from the mantle wedge and incorporated into the subducted slab, ultramafic carbonation and 
serpentinization, then followed by continent–continent collision during East African orogeny 
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Ch. I Summary 
Serpentinites (massive and schistose) and listvenite occur as tectonic sheets and lenses 
within a calcareous metasedimentary mélange of the Tulu Dimtu, western Ethiopia. The 
massive serpentinite contains high–magnesian metamorphic olivine (forsterite [fo] ~96 mol%) 
and rare relict primary mantle olivine (Fo90–93). Both massive and schistose serpentinites 
contain zoned chromian spinel; the cores with the ferritchromite rims preserve a pristine 
Cr/(Cr+Al) atomic ratio (Cr#= 0.79–0.87), suggesting a highly depleted residual mantle 
peridotite, likely formed in a suprasubduction zone setting. Listvenite associated with 
serpentinites of smaller ultramafic lenses also contain relict chromian spinel having identical 
Cr# to those observed in serpentinites. However, the relict chromian spinel in listvenite has 
significantly higher Mg/(Mg+Fe2+) atomic ratios. This suggests that a nearly complete 
metasomatic replacement of ultramafic rocks by magnesite, talc, and quartz to prevent Mg–
Fe2+ redistribution between relic chromian spinel and the host, that is listvenite formation, 
took place prior to re–equilibration between chromian spinel and surrounding mafic minerals 
in serpentinites. Considering together with the regional geological context, low–temperature 
CO2–rich hydrothermal fluids would have infiltrated into ultramafic rocks from host 
calcareous sedimentary rocks at a shallow level of accretionary prism before a continental 

















Ch. I-1. Introduction 
The East African Orogen (EAO) along eastern Africa and western Arabia is the world’s 
largest Neoproterozoic to Cambrian orogenic belt (e.g., Stern, 1993, 1994; Fritz et al., 2013). 
This amalgamated belt with a ~ 6,000 km length reflects collision of arcs or microcontinents 
against the Archean Craton margins. The northern part of the EAO is dominated by 
metavolcano–sedimentary sequences with minor ophiolites. Although the paleo oceanic 
lithosphere and its metasomatic equivalent are minor components in EAO, those rocks 
contain key evidences to better understand the petrotectonic evolution, particularly the 
geodynamic processes enclosed in the building of the West Gondwana margin prior to the 
continental collision to form the East African Orogen.  
Understanding the metasomatic processes associated with ultramafic rocks is of 
considerable importance as emphasized by recent works on the formation of high–
pressure/low–temperature vein–related rocks such as jadeitite (Sorensen et al., 2010; Harlow 
et al., 2015), as well as low–pressure/low–temperature fluid–rock interaction during listvenite 
formation (Hansen et al., 2005; Tsikouras et al., 2006; Aftabi and Zarrinkoub, 2013; Falk and 
Kelemen, 2015; Boedo et al., 2015). In Tulu Dimtu area in Western Ethiopia of the Arabian–
Nubian Shield (ANS), carbonate–bearing serpentinites and listvenite occur as tectonic sheets 
and lenses in calcareous metasedimentary mélange (Figure 1 and 2). The listvenite is an 
unusual type of metasomatic, silica–carbonate rock formed by the carbonation of ultramafic 
rocks at low–temperature (e.g., Halls and Zhao, 1995). Although intense serpentinization and 
silica–carbonate metasomatism erased almost all the primary petrological characteristics of 
the original mantle peridotite in Tulu Dimtu, our petrological study confirmed the 
preservation of relict mantle olivine in serpentinite and relict chromian spinel in both 
serpentinite and listvenite. We consider that relict chromian spinel in listvenite can constrain a 
relative timing of carbonate metasomatism. In this contribution, we first report relict chromian 
spinels in serpentinites and listvenite in Tulu Dimtu, and discuss the listvenite–forming 
metasomatism.  
 
Ch. I-1.1. Study area 
The study area, Tulu Dimtu Belt, is situated within 9°00’00’’-10°00’00’’ northing and 
35°15’00’’-36°30’00’’ easting 36N UTM zone in Western Ethiopia about ~ 664 km from 
Addis Ababa (Figure 1). The mapped area is situated in two administrative zones: Oromia 
regional state in Boji wereda and Benishangul–Gumuz regional state, in Kamashi woreda. 
The study area can be accessed through Adds–Ababa (capital city)–Holeta–Ambo–Nekemte–
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Gimbi–Bila–Kingi–Kamashi. Figure 1A represents location map of the Arabian–Nubian 
Shield showing distribution of the ophiolites. The ANS extends from Saudi Arabia and Egypt 
in the north to Ethiopia and Uganda–Kenya in the south. The squared area with B in Figure 
1A is the Nekemte–Gimbi–Nejo region in Western Ethiopia, and the inlet map shows the 
location of Ethiopia in relation to the Africa and Arabian–Nubian Shield. Figure 1B is 
generalized geological map of the Nekemte–Gimbi–Nejo area showing the major geotectonic 
units, framed region shows the location of the Tulu Dimtu area of this study. The Tulu Dimtu 
belt is a litho–tectonic unit, oriented NNE–SSW. It is the largest Neoproterozoic belt in 
Ethiopia which occurred at transition zone between Arabian–Nubian Shied and Mozambique 
belt and consists rocks of both belts. The area characterized by deformed metamorphic terrain 





























Figure 1. (A) Location map of the Arabian–Nubian Shield ophiolites (modified after 
Abdelsalam and Stern, 1990) is also shown. (B) Generalized geological map of the Nekemte–
Gimbi–Nejo area showing the major geotectonic units of Western Ethiopia. 
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ChI. I-1.2. Objectives 
Ultramafic fragments of the Neoproterozoic East African Orogen at Tulu Dimtu is part 
of the low grade volcano–sedimentary terrain of the Arabian–Nubian Shield, have long been 
considered as an ophiolite. Very little information is available concerning the evolution of the 
Tulu Dimtu Belt, geochemistry and geochronology of mafic to intermediate intrusions. 
However, for several reasons, generally, no comprehensive geochemical study and tectonic 
evolution of the mafic–ultramafic rocks has been done in the area. Present work in the area 
was bringing to light some problems by using petrological and geochemical data. Some of 
these questions include the tectonic setting, geochemical characteristics of the serpentinites 
and carbonate (listvenite) and constrain the nature of the mantle source.   
 The main objectives of these chapters are as follows. 
 To study the petrology and geochemistry of the Pan–African serpentinized and carbonate of 
the Tulu Dimtu, Western Ethiopia, which, in turn, constrains the petrogenesis and tectonic 
setting, by studying the mineral chemistry and texture of the rocks. 
 To study the major and trace element geochemistry of the rocks to infer their probable 
tectonic setting of the formation and to add data for a better understanding of the geological 
evolution of the area 
 To compare them with other ophiolites, especially with Arabian-Nubian Shield in order to 
assessing the consistency of the Pan–African ophiolite. 
 Finally to constrain origin of this serpentinized and carbonated ultramafic rocks. 
 
Ch. I-2. Geological outline 
Ch. I-2.1. Overview 
Western Ethiopia, in general, is composed of rocks ranging in age from Precambrian to 
Tertiary. The Precambrian basement terrain of the East–African orogenic system in western 
Ethiopian consists of two geotectonic domains: 1) metamorphosed volcano-metasedimentary 
rocks,meta–plutonic rocks, and related mélange with dismembered ophiolites of the Arabian–
Nubian Shield (ANS), and 2) high–grade gneisses/migmatites of the Mozambique Belt (MB) 
(Figure 1(a)). Stern (1993, 1994) coined the term East African Orogen (EAO) to encompass 
both the ANS and MB. The EAO is a sequence of rocks with an age span of 950–450 Ma 
orogenic cycle (Kroner, 1984). According to earlier authors (e.g. Ayalew et al., 1990, Kebede 
et al., 2001, Grenne et al., 2003), all basement rock units were intruded by post-tectonic 
intrusion; they were generated from suprasubduction to intraplate magmas (Ayalew et al., 
1989; Kebede et al., 1999; Grenne et al., 2003). Tectonic evolution of the Western Ethiopia 
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basement recently reviewed by Tadesse and Tsegaye (2007) started with an E–W to NNW 
shortening, in which metasedimentary units with ultramafic rocks and syn– to pret– ectonic 
plutons were thrusted, folded, and sheared. This shortening produced original NNE–SSW 
trending penetrative foliations. Progressive regional folding and locally discrete sinistral 
shearing steepened, which refolded the earlier structural elements in the later stages. The last 
deformation event, associated with brittle-ductile strike–slip faults, was an E–W shearing with 
considerable lateral displacement. 
 
Ch. I-2.2. Ultramafic rocks in Tulu Dimtu area 
In Western Ethiopia, the metavolcano–sedimentary unit with ultramafic rocks of the 
Arabian–Nubian Shield is sandwiched between the high–grade gneisse/migmatite unit to the 
east and west (Kazmin, 1972; Kazmin et al,. 1978; Tefera et al., 1996; Alemu and Abebe, 
2000). Aligned but discontinuous bodies of ultramafic rocks exposed along strike–slip shear 
and thrust zones have been interpreted as dismembered ophiolite (e.g. Kazmin 1976; de Wit 
and Chewak,a 1981; Tadesse and Allen, 2005). The ultramafic bodies occur in several 
localities of the Nekemte–Gimbi–Nejo region (Figure 1(b)). Those bodies were considered as 
dismembered fragments of the oceanic lithosphere, preserved as detached ophiolite allochthon 
within a back–arc continental marginal setting (Tadesse and Tsegaye, 2007). Similar to other 
ophiolite bodies, they have experienced later continental collision and tectonic shortening 
(Stern, 2004).  
Ultramafic rocks in the Tulu Dimtu area occur as tectonic sheets and lenses within a 
metasedimentary mélange. The largest body has a size of about 4 × 7 km (Figure 2). The 
metasedimentary mélange, including ultramafic rocks, is intruded by a post-tectonic dolerite 
(Figure 2). The ultramafic bodies comprise massive and schistose serpentinites, and small 
bodies accompany abundant listvenite. The margin of the bodies is highly sheared and 
schistose; the massive serpentinites are also locally sheared. Although the direct contact is not 
exposed, the occurrence of listvenites is common along the boundary zones between smaller 
ultramafic bodies and host metasedimentary rocks. Listvenites are also schistose, suggesting 
that the deformation in listvenite and schistose serpentinite was coeval. This infers that 
schistosities in schistose serpentinite and listvenite have developed after the listvenite 
formation.  Listvenite in this area has been described as birbirite (de Wit and Kazmin, 1978; 
Alemu and Abebe, 2000) (Figure 3). However, to date no petrological and geochemical 




























Figure 2. Geological map of Tulu Dimtu area showing sample location. 
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Ch. I-3. Samples and analytical methods 
Ch. I-3.1. Samples 
Thirteen samples (from ultramafic body) were collected from the NNE–SSW oriented 
Tulu Dimtu belt of Arabian–Nubian Shield (Figure 2), among these 7 were serpentinites 
(massive and schistose, exposed at the northern and southern part of the mapped area, the 
north is large and forms a pear shaped body and a prominent hill in the area), and 6 were 
carbonated ultramafic rocks (listvenite), exposed at the southern narrow part of the mapped 
area, which forms many small lensoidal bodies. Geological map of the sampled area has been 
















































Ch. I-3.2. Analytical methods 
Ch. I-3.2.1. Petrography (microscopic investigations) 
For petrography, rock thin sections were prepared.  A thin sliver of rocks were cut for 
all samples with diamond saw and ground optically flat. It is then mounted on a glass slide 
and then ground smooth using progressively finer abrasive grit unit the sample is only 30μm 
thick. To determine thickness of minerals used interference color chart, typically quartz.  
Thin sections were examined petrographically for rock type identification and mineral 
assemblages (Figure 4(a–e)).  
 
Ch. I-3.2.2. Bulk-rock chemistry 
All the samples were analyzed for bulk rock major and trace element compositions by 
X–ray fluorescence spectrometry (XRF) on glass beads. The samples were crushed into small 
chips with a hammer, rinsed with distilled water in an ultrasonic bath, and dried for one day at 
110°C. The dried chips were then ground in an agate mortar. The resulting powders were 
dried in oven for more than three hours at 105°C to evaporate the adsorbed water on the 
powder surface. The dried samples were then used to prepare glass beads containing 1 ± 
0.0005 g powder sample and 5 g flux lithium tetra borate (keeping the 5:1 ration of the flux) 
were added. The mixed powder was homogenized in the agate mortor before pouring into a 
platinum crucible. Concentrations of major (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P) and 
trace element (Ni, Cr, Rb, Ba, Nb, Sr, Zr, Y and V) were analyzed on glass bead by a Rigaku 
RIX 2100 X–ray fluorescence spectrometer with Rh tube at Tohoku University. The operating 
conditions for both major and trace elements were 50 kV accelerating voltage and 50 mA 
beam current. Results of these analyses are provided in Table 1. 
 
Ch. I-3.2.3. Mineral analysis 
After petrographic investigations, specimens were polished. Polished thin-sections were 
observed using a JEOL JSM5–410 scanning electron microscope (SEM) equipped with an 
Oxford Link ISIS energy dispersive X–ray microanalysis system at Tohoku University. Back–
scattered electron (BSE) microscopic imaging was performed at a 15 kV accelerating voltage, 
1 nA beam current. Electron microscope quantitative analyses of rock-forming minerals were 
performed with a 15 kV accelerating voltage, 1 nA beam current and <3 µm beam size. The 
oxide ZAF method was employed for matrix corrections. Representative analyses of olivine 
and chromian spinel are given in Tables 2 and 3.  
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Ch. I-4. Analytical Results 
Ch. I-4.1. Petrography  
Ch. I-4.1.1. Serpentinite 
Serpentinites of the Tulu Dimtu area can be divided into massive serpentinite (samples 
TDSD–4, TDSD–4–2, TDSD–15 and TDSD–15–2) and schistose serpentinite (TDB–1 and 
TDSCH–18) (Figure 4(a–c)). The massive serpentinite consists mainly of antigorite and 
magnesite with trace amounts of olivine (both primary and metamorphic), chromian spinel, 
talc, chlorite, and magnetite. Rare mesh texture after olivine and bastite pseudomorphs after 
orthopyroxene are observed. Some metamorphic olivine can be distinguished from relict by 
the presence of tiny magnetite inclusions. The schistose serpentinite is composed of antigorite 
and magnesite, with minor magnetite and chromian spinel.  A penetrative schistosity is 
defined by the preferred orientation of antigorite.  
Chromian spinel in both massive and schistose serpentinites occur commonly as 
subhedral to anhedral, and exhibits a partial replacement texture, where the brownish pristine 
cores are rimmed by opaque ferritchromite. Some grains are fractured and ferritchromite is 
produced along the later cracks. 
 
Ch. I-4.1.2. Listvenite 
Listvenite (samples TDSL–11, TDSL–16, and TDSL–20) have a mineral assemblage 
consisting mainly of magnesite, talc, quartz, with a minor amount of antigorite, chlorite, 
magnetite, and relict chromian spinel (Figure 4(d–e)). Electron microprobe observations 
confirm the presence of tiny anthophyllite. Listvenite is schistose, with a penetrative 
schistosity defined by the preferred orientation of talc. Carbonate minerals (mainly magnesite) 
are often porphyroblastic and also occur as veins cross-cutting the matrix. Chromian spinel in 
listvenite occurs as subhedral grains, resembling that in the serpentinite; relict grains are 

















Figure 4. Micro–textures of serpentinites and listvenite from the Tulu Dimtu. (a) Crossed–polar 
light (XPL) view of a massive serpentinite, preserving relict olivine. (b) Plane-polar light (PPL) 
view of relict chromian spinel in a schistose serpentinite. (c) XPL view of (b) antigorites show 
a preferred orientation. (d) PPL view of relict chromian spinel in a listvenite. (e) XPL view of 
(d). (f) Back–scattered electron (BSE) image of zoned chromian spinel. Mineral abbreviations: 
Atg: antigorite; Chr: ferritchromite; CrSp: chromian spinel; Mgs: magnesite; Tlc; talc. 
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Ch. I-5. Bulk rock chemistry 
Ch. I-5.1. Serpentinite 
Serpentinites (TDB–1, TDSD–4, TDSD–15 and TDSCH–18) are characterized by low 
contents of Al2O3 and CaO; the Al2O3 + CaO values range from 0.09 to 0.48 wt% (normalized 
total as 100%). Serpentinization might have modified the original bulk rock composition, 
particularly the strong depletion of CaO. The concentrations of Ni and Cr in samples TDB–1 
and TDSCH–18 reach up to ~8923 µg/g and ~2446 µg/g, respectively. Bulk–rock Mg# [= 
Mg/(Mg+Fe2+) atomic ratios] is 0.89–0.91. Serpentinites are characterized by extremely low 
abundances of incompatible trace elements (e.g., Ti, Ba, Nb, Sr, Y, and Zr). The 
concentrations of Al2O3, CaO, Cr and Ni roughly correlate with MgO. The bulk–rock loss on 
ignition (LOI) values are in the range of 11.5–23.9 wt% (Table 1). No significant differences 
in chemical composition among massive and schistose serpentinites were found. 
  
Ch. I-5.2. Listvenite 
Listvenite (TDSL-11, TDSL–16 and TDSL–20) is characterized by low SiO2 (31.4–36.5 
wt%) and MgO (35.0–36.2 w%) contents, but has relatively higher LOI values up to ~20 to 23 
wt%. One sample of listvenite (TDSL–20) contains slightly higher Al2O3 (0.35 wt%) 
compared with that in other samples (< 0.24 wt% Al2O3) (Table 1). The concentrations of Cr 
and Ni in listvenite resemble those of serpentinites. Similarly, listvenites are also depleted in 













Table 1. Bulk-rock compositions of massive serpentinites, schistose serpentinites, and 
listvenite. Star symbol (*) indicates total iron, n.d = not detected; LOI = loss on ignition. 
 

















Major-element composition (in wt%) 
SiO2 39.1 38.4 39.1 36.6 33.3 32.7 32.0 36.8 
TiO2 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02 
Al2O3 0.11 0.08 0.07 0.09 0.09 0.06 0.13 0.35 
FeO* 7.45 7.93 7.38 6.60 6.94 5.83 7.01 6.79 
MnO 0.11 0.09 0.09 0.11 0.12 0.08 0.11 0.07 
MgO 41.0 37.3 38.5 37.7 36.7 35.7 36.2 35.0 
CaO 0.19 0.01 0.01 0.08 0.07 0.05 0.10 0.03 
Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
P2O3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
LOI 12.5 11.4 11.5 17.5 20.2 23.9 23.3 19.7 
Total 100.4 95.1 96.6 98.7 97.4 98.4 98.8 98.7 
Trace-element compositions (μg/g) 
V 39.7 25.0 25.6 57.5 49.2 34.5 39.4 29.7 
Cr 4471 5124 3455 8388 8923 6727 6151 3322 
Ni 2359 2118 2214 2183 2277 2097 2146 2040 
Rb <0.10 <0.10 n.d. 0.60 0.40 n.d. n.d. 0.50 
Sr 2.70 3.20 2.10 5.60 4.10 3.40 3.30 3.30 
Ba n.d. n.d. n.d. n.d n.d. n.d. n.d. 0.80 
Y n.d. 0.30 1.40 1.20 0.80 0.30 0.80 0.40 
Zr 1.90 1.30 1.90 1.70 1.10 2.30 1.70 1.70 





Ch. I-6. Mineral composition   
Ch. I-6.1. Chromian spinel  
Chemical composition of chromian spinels is plotted in Cr–Al–Fe3+ ternary and Cr#–
Mg# diagrams (Figures 5 and 6(a)). Chromian spinels in serpentinites are zoned. The cores 
are characterized by high Cr/(Cr+Al) atomic ratio (Cr#=0.78–0.89), moderate to low Mg/ 
(Mg+Fe2+) atomic ratio (Mg#= 0.21–0.48), and very low Fe3+/ (Fe3++Cr+Al) atomic ratio 
(Fe3+#<0.02) (Figure 6). They contain low TiO2 (< 0.1 wt%) and MnO (< 0.7 wt%). The rims 
are highly oxidized and replaced by ferritchromite (and/or Cr–bearing magnetite). They are 
characterized by a high but wide range of Fe3+# (~0.2–0.99) and low Mg# (0.19–0.35). 
Chromian spinels in listvenite are relatively magnesian, Mg#= 0.38–0.65. Cr# ranges from 
0.78 to 0.88, with very low Fe3+# (<0.02) and low TiO2 (<0.01 wt%).  
 
Ch. I-6.2. Olivine  
In massive serpentinites, metamorphic olivines with tiny magnetites are high-
magnesian, containing high forsterite [Fo] content (Fo93–96) with variable NiO (0.19–0.52 
wt%) and MnO (0.02–0.19 wt%) contents. In contrast, magnetite-free relict primary mantle 
olivine has a composition of Fo90–93 with 0.25–0.49 wt% NiO, and ~0.08–0.22 wt% MnO; this 
is comparable to typical mantle olivine. The relationship between the Fo content of the relict 
olivine (Fo90–93) and the cores of chromian spinel (Cr# = 0.78–0.89) in massive serpentinite 
suggests a spinel–bearing, highly–depleted harzburgite as the original mantle peridotite 




















Figure 5. (a) Cr–Al–Fe3+ ternary diagram showing compositional variations of chromian 
spinels and ferritchromite from serpentinites and listvenite. Dashed line represents a solvus at 
600°C proposed by Loferski and Lipin (1983). (b) Enlarged region in (a) for a comparison 




Figure 6. (a) Cr#–Mg# diagram showing compositional variations of relict chromian spinels 
(core compositions of zoned chromian spinels) from serpentinites and listvenite; compositions 
of secondary ferritchromitite are not plotted. Generalized compositional ranges from the Alpine 
and stratiform peridotites by Evans and Frost (1975) are also shown for comparison. (b) 
Compositional relationship between relict olivine and chromian spinel. OSMA (olivine–spinel 
mantle array) and a fractionation line of boninites are after Arai (1994). Cross bars represent 
compositional variations. (c) Comparisons of Cr# of chromian spinel from various ophiolitic 
bodies of the Arabian–Nubian Shield. Abbreviations and references: kn, Kenya (Price, 1984; 
Berhe, 1988); s.et, southern Ethiopia (Berhe, 1988; Bonavia et al., 1993); w.et, Western 
Ethiopia (this study); eg, Egypt (Ahmed et al., 2001; Hamdy and Lebda, 2011; Abu–Alam and 
Hamdy, 2014); sd, Sudan (Price, 1984; Abdel–Rahman, 1993;Hussein, 2000); sa, Saudi Arabia 
(Al-Shanti, 1982; LeMetrour et al., 1982; Chevremont and Johan, 1982a, 1982b; Ledru and 
Auge, 1984; Al-Shanti and El–Mahdy, 1988). 
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Table 2. Representative electron microprobe analyses of olivine and relict chromian spinel. 
 
 
Rock type Massive serpentinite 
sample TDSD–15 TDSD–15–2 TDSD–4–2 TDSD–15 TDSD–15–2 
Mineral r.ol r.ol m.ol r.CrSp r.CrSp 
Major-element compositions (in wt%) 
SiO2 41.3 40.9 42.3   
TiO2      
Cr2O3    60.1 61.9 
Al2O3    6.81 6.21 
FeO* 8.88 8.44 4.2 27.5 26.1 
MnO 0.15 0.14 0.13 0.27 0.43 
MgO 49.4 49.2 52.9 4.41 5.27 
CaO 0.02 0.00 0.03   
NiO 0.42 0.45 0.3   
Total 100.1 99.1 99.9 90.1 99.9 
O=4 
Si 1.006 1.005 1.010   
Ti      
Cr    1.67 1.70 
Al    0.28 0.25 
Fe3+    0.03 0.03 
Fe2+ 0.18 0.17 0.084 0.77 0.72 
Mn 0.003 0.003 0.003 0.01 0.01 
Mg 1.79 1.80 1.89 0.23 0.27 
Ca 0.000 0.000 0.001   
Ni 0.008 0.009 0.006   
Total 2.99 2.99 2.99 2.99 2.98 
Fo 90.8 91.4 95.7   
Mg#    0.23 0.27 
Cr#    0.86 0.87 
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Rock type Schistose serpentinite Listvenite 
sample TDB1 TDSCH18 TDSL11 TDSL16 TDSL16-2 
Mineral r.CrSp r.CrSp r.CrSp r.CrSp r.CrSp 
Major-element compositions (in wt%) 
SiO2      
TiO2 0.04 0.03 0.03 0.03  
Cr2O3 61.66 60.52 63.77 56.82 62.21 
Al2O3 6.04 7.55 6.92 10.49 6.80 
FeO* 25.17 24.96 20.97 16.82 0.32 
MnO 0.60 0.44 0.26 0.22 0.32 
MgO 6.00 6.38 8.92 15.23 9.47 
CaO      
NiO      
Total 99.51 99.88 100.87 99.61 98.68 
O=4 
Si      
Ti 0.001 0.001 0.010 0.010  
Cr 1.690 1.640 1.680 1.430 0.270 
Al 0.250 0.310 0.270 0.390 0.050 
Fe3+ 0.040 0.040 0.030 0.110 0.050 
Fe2+ 0.690 0.670 0.560 0.340 0.520 
Mn 0.020 0.010 0.010 0.010 0.010 
Mg 0.310 0.330 0.440 0.720 0.480 
Ca      
Ni      
Total 3.00 3.00 3.00 3.01 3.03 
Fo      
Mg# 0.31 0.33 0.44 0.68 0.48 





Ch. I-7. Discussion   
Ch. I-7.1. Tectonic setting of the Tulu Dimtu ultramafic bodies 
The inferred original peridotite, with chromian spinel of Cr#= 0.78–0.89 and a relict 
olivine of Fo90–93, is a highly depleted residual harzburgite. This is a robust evidence that the 
peridotite formed in an environment with a very high degree of melt depletion, likely formed 
in a suprasubduction zone wedge mantle (e.g., Dick and Bullen, 1984; Ishiwatari, 1985; Arai, 
1994; Arai and Yurimoto, 1994, 1995; Bloomer et al., 1995; Zhou et al., 1998; Dilek and 
Flower, 2003).  As shown in Figure 6(b), the compositional relationship between relict 
olivine and chromian spinel overlaps with a fractionation line of boninites.  
The ultramafic rocks of the Tulu Dimtu can be compared to serpentinized residual spinel–
harzburgites of the Arabian–Nubian Shield ophiolite (e.g., Stern et al., 2004); Cr# value of the 
chromian spinel of Tulu Dimtu overlaps with the variations of most Arabian–Nubian Shield 
ophiolite bodies, such as South Ethiopia, Kenya, Sudan, and Egypt (Figure 6(c)). As 
previously thought in the Arabian–Nubian Shield ophiolite, we interpret that the ultramafic 
rocks of Tulu Dimtu formed in suprasubduction zone settings.  
 
Ch. I-7.2. Conditions of listvenite formation and later regional metamorphism 
The occurrence of relict chromian spinel in listvenite suggests an inevitable petrogenetic 
relationship between listvenite and associated ultramafic rocks. In fact, listvenites are closely 
associated with smaller ultramafic lenses, suggesting they formed by a metasomatic 
replacement of smaller ultramafic lenses within metasedimentary mélange.   
It has been considered that listvenite formed at low–pressure and low–temperature (e.g., Falk 
and Keleman, 2015). Tsikouras et al. (2006) considered the external influx of SiO2 via low–
pH, highly–oxidized, saline–rich, low–temperature (T< ~250°C) fluids. On the other hand, 
Hansen et al. (2005) proposed the direct transformation of mantle peridotite to listvenite from 
the following reactions:  
 
34 Mg2SiO4 [olivine] + 20 CO2 + 31 H2O =  
Mg48Si34O85 (OH)62 [antigorite] + 20 MgCO3 [magnesite], 
 
2 Mg48Si34O85 (OH)62 [antigorite] + 45 CO2 =  
45 MgCO3 [magnesite] + 17 Mg3Si4O10 (OH)2 [talc] + 45 H2O, and 
 
Mg3Si4O10 (OH)2 [talc] + 3CO2 =  
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3 MgCO3 [magnesite] + 4 SiO2 [quartz] + H2O. 
 
These reactions occur at nearly constant MgO: SiO2 ratio, except for the addition of water and 
CO2 during listvenite formation. In the investigated listvenite, MgO and SiO2 underwent a 
little depletion, as compared with those in the serpentinites. However, the apparent depletion 
is attributed to the addition of a large volume of CO2, as suggested by Hansen et al. (2005).  
Recently Falk and Keleman (2015) studied listvenite veins from the Samail ophiolite (Oman) 
and confirmed low-temperature (~100°C) formation of listvenite using oxygen isotope 
thermometry. In Tulu Dimtu, listvenite–forming metasomatism was probably initiated by low 
temperature conditions. However, metasedimentary mélange including serpentinites and 
listvenite has suffered the later amphibolite–facies regional metamorphism of the Arabian–
Nubian Shield; both serpentinite and listvenite were deformed during the metamorphism. 
The presence of antigorite and talc in the assemblage of listvenite suggests that listvenite was 
recrystallized at a temperature of over 300–400°C. A finding of anthophyllite in listvenite 
suggests that the temperature conditions reached up to 500–550°C at a nominal pressure of 
0.6–0.7 GPa (Ford and Skippen, 1997). The mineral assemblage antigorite + metamorphic 
olivine ± talc in massive serpentinite indicates that the ultramafic rocks suffered a regional 
metamorphism under conditions of T= ~350–550°C (e.g., Evans, 2010). According to a 
petrogenetic grid for carbonate-bearing hydrous ultramafic rocks by Will et al. (1990), this 
metamorphic temperature is consistent with the mineral assemblage metamorphic olivine + 
magnesite + talc ± chlorite in massive serpentinite. 
 
Ch. I-7.3. Relative timing of listvenite formation  
As we described, listvenite in Tulu Dimtu contains relict chromian spinel that overlaps 
the Cr# with those observed in serpentinites. However, relict chromian spinel in the listvenite 
has a significantly higher Mg# value (Figure 6(a)). In general, equilibrium temperatures of 
mantle minerals in peridotites or serpentinized peridotites are controlled by cooling history 
(e.g., Arai 1980). If ultramafic rocks cool at a slow rate, highly resistant minerals like 
chromian spinel can continue to re–equilibrate until the closing temperature of sub–solidus 
Mg–Fe2+ redistribution among the surrounding mafic minerals such as olivine and serpentine. 
Hence we interpret that the listvenite formation, that is, a nearly complete metasomatic 
replacement of silicate minerals in primary ultramafic rocks, would be an earlier event of the 
Tulu Dimtu ultramafic rocks and was not related to the late metamorphic process of the 
Arabian–Nubian Shield.  
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Based on our petrological observation together with geological context, we propose the 
following geological scenario (Figure 7). (1) The Tulu Dimtu ultramafic rocks that formed in 
a suprasubduction zone setting were tectonically emplaced within a calcareous sedimentary 
mélange of an accretionary prism developed along the west Gondwana margin, probably at 
~750–650Ma. (2) The ultramafic sheets or lenses interacted with host calcareous sedimentary 
rocks; during this process, low-temperature CO2-rich hydrothermal fluids infiltrated into 
ultramafic rocks and erased the minerals except for chromian spinel. Mg# of chromian spinel 
was frozen due to the loss of equilibrating mafic minerals in listvenite. In ultramafic rocks 
with partial carbonate metasomatism, Mg# in chromin spinel was continuously changed due 
to sub–solidus Mg–Fe2+ redistribution. 3)  Regional metamorphism due to the continental 
collision of Gondwana amalgamation took place at ~650–520 Ma; the so–called ‘Pan–
African’ metamorphic event formed metamorphic olivine and rare anthophyllite in 
serpentinites. The oxidation of relict chromian spinel to form ferritchromite and/ or Cr–
bearing magnetite occurred both in serpentinite and in listvenite during this stage.   
Origin and source of CO2–rich hydrothermal fluids remain to be constrained. To further our 
understanding of listvenite, a detailed and comprehensive approach to geology, petrology, and 
geochronology is required.  
 
Ch. I-8. Conclusion 
Petrological and geochemical data for the ultramafic rocks of the study area indicate 
that the rocks are serpentinites and listvenite (silica–carbonate). Serpentinites are massive and 
schistose type. Massive serpentinite (partially serpentinized) mainly composed of olivine, 
chromian spinel and serpentines, whereas schistose serpentinite (completely serpentinized) 
mainly composed of chromian spinel and serpentines. Listvenite composed of magnesite, talc, 
quartz, antigorite and chromian spinel. The occurrence of chromian spinel in all serpentinized 
and carbonated ultramafic samples suggests that they are originally similar, have harzburgite 
composition with chromian spinel Cr# = 0.78–0.89 and relict olivine of Fo = 90–93, 
indicating suprasubduction zone peridotite. The preserved high Mg# in listvenite and 
combined with the rock assemblages of Tulu Dimtu, that is, ultramafics associated with 
sediments (mélanges), estimates time of carbonate alteration (listvenization). Ultramafic rocks 
tectonically emplaced in a suprasubduction zone environments within a calcareous mélanges, 
CO2-rich fluids have been exchanged between mélange and ultramafics, and then carbonation 
and serpentinization have formed before brought to the surface (before continental collision to 















Figure 7. Schematic model of listvenite formation (see the details in text); approximate time 
intervals are based on a reginal geological context. (a) Ophiolite emplacement: a tectonic 
emplacement of suprasubduction zone mantle peridotite (Process 1) and listvenite formation in 
calcareous sediments (Process 2) at ~ 750–650 Ma. A nearly complete metasomatic 
replacement of ultramafic rocks by magnesite, talc and quartz prevented Mg–Fe2+ redistribution 
between relict chromian spinel and the host. (b) Regional metamorphism of the Arabian–
Nubian Shield (Process 3) at ~ 650–520 Ma. The metamorphism involves deformation to have 
formed schistosity in both listvenite and serpentinite.  
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Ch. II Summary 
Carbonate (listvenite) in the Tulu Dimtu is considered to be a retrograde metasomatic 
rock display 46.2–68.5 vol% magnesite, 0.14–0.17 vol% dolomite, and 44.2–53.6 vol% talc 
and 15.50–31.22 vol% quartz mineral associations. This metasomatic lithologies appear as the 
end-product of 16.53 vol% orthopyroxene (Opx), 83.21 vol% olivine (Ol) and 0.26 vol% 
clinopyroxene (Cpx) petrographic series of transformed rocks at T =270–575°C and P = 2–
8kbar from harzburgite. Density changes have been observed in hydrous bearing assemblages, 
this may indicate creation of fluid passages for carbonate precipitation. Magnesite 
characterized by Fe–rich and Fe–poor. The Fe–poor magnesite has recognized as primarily 
derived from olivine and Fe–rich magnesite has associated with antigorite and talc minerals. 
The compositional differences between Fe–rich and Fe–poor magnesite shows that the rocks 
are severed from extensive CO2–rich fluid interactions. They are the result of interaction with 
173.2 – 361.7 cm3 H2O per 1000 cm3 rock. This fluid/ rock ratio represents a minimum value 
and maximum CO2 (up to 36.4 wt%) concentration in the fluids. The Neoproterozoic 
ultramafics of Western Ethiopia are a fragment of subcontinental upper mantle modified by 















Ch. II-1. Introduction 
Subduction zones, where oceanic plates sink into the inner Earth are the main areas 
where Earth’s hydrosphere and geosphere interacts. Fluid interaction within the subduction 
zone drive to interchanges in volatile elements, which in turn facilitate changes in rheology 
(Karato and Jung, 2003; Hirth and Kohlstedt, 1996), reduce movement of overriding plate 
(Gerya and Meilick, 2011) and solidus temperature (Iwamori, 1998; Schmidt and Poli, 1998). 
CO2 have the potential to hide physico–chemical properties of rocks in the interior of the 
earth (e.g., Dasgupta et al., 2013), but experimentally, those processes are so far poorly 
understood. CO2 reaches the interior of the earth in subduction zones as carbonates within 
basalts, sediments and peridotites (e.g. Sleep and Zahnle, 2001; Alt, 2004; Dasgupta et al., 
2013). Sedimentary rocks are the largest carrier and releaser of CO2 into the inner earth 
compared to basalts or peridotites (e.g., Gonzalez et al., 2015).     
Ultramafic rocks, however, have the potential to assimilate significant amounts of 
carbon (e.g., Nishiyama, 1990; Hinsken et al., 2017) forming rocks commonly known as 
listvenite (e.g., Halls et al., 1995; Robinson et al., 2005; Aftabi et al., 2013; Stephen et al., 
2013; Quesnnel et al., 2016; Grozeva et al., 2017). Most isotopic data indicate that carbon 
stored in ultramafic rocks through aqueous interactions regardless of their origin (e.g. 
meteorite, atmospheric, mantle, sediment; Wilson et al., 2009). Nonetheless, the study of the 
carbonation process in ultramafic rocks is particularly complex since the reaction modify 
chemical species through CO2-metal cations interaction and hinder the identification of 
primarily mantle constituents (e.g., Oconnor et al., 2001).      
The Neoproterozoic Arabian–Nubian Shield (ANS) contains the oldest recognized 
ophiolites of the world (Pallister et al., 1987; Stern, 1994). The ANS ophiolites are among the 
most altered in the world (Stern, 2004) and by different processes of magmatism, 
metamorphic metasomatism. The metasomatic processes include sediment, mantle and 
meteoric fluids (Stern, 1990; Hamdy and lebda, 2007), alteration before their final 
exhumation (Abu-Alam et al., 2014).  
The Tulu Dimtu, Western Ethiopia (Figure 1) an outcrop of the ANS ultramafic rocks 
show a striking example of mineral carbonation. Sofiya et al., 2017 in a preliminary study 
suggested that chromian spinel alteration and carbonation occurred at the same time before 
their exhumation. In this study we investigated the geologic and chemical evolution causing 
the carbonation of Tulu Dimtu ANS through geochemistry, petrography and petrological 
modeling, chemographic projections (conducted under dry, hydration and carbonation 
conditions in a temperature range of 300–700°C). 
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Ch. II-1.1. Objectives 
 To outline the carbon evolution of the area by conducting petrological and 
mineralogical investigations (by studying the mineral chemistry and texture of 
carbonate rocks). 
 To study physico–chemical properties of carbonate: P–T evolution, CO2 and H2O 
activity, molar proportion, density and enthalpy change during carbonation (by 
studying composition phase diagrams; chemography and pseudosection using bulk 
rock compositions). 
 To calculate fluid-rock ratio  
 
Ch. II-2. Geological setting 
The former continent of Gondwana formed during the Neoproterozoic Era after a series 
of collisions known as Pan–African Orogeny (Gass, 1981; Kroner et al., 1991; Reischmann 
and Kroner, 1994; Kusky et al., 2003). The Arabian–Nubian Shield (ANS) is a large area of 
exposed crystalline basement which formed during the Gondwana assemblage through arc 
and terrane accretion (Kroner et al., 1987; Stern, 1994) or plate convergence involving arc 
accretion (Ayalew et al., 1990; Asrat et al., 2001). The ANS includes large areas of present 
day Israel, Jordan, Egypt, Saudi Arabia, Sudan, Eritrea and Ethiopia. A large exposure of 
ANS crystalline basement crops out at Western Ethiopia, which consist of high–grade 
(gneisses, migmatites) and low–grade (metavolcanics, metasediments and ultramafic) rocks 
(Kazmin, 1971 and 1975), intruded by granitoids with a wide compositional range. Most 
authors interpreted the ultramafic occurrence to represent a dismembered ophiolite (e.g. 
Kazmin et al., 1978; de Wit and Chewaka, 1981), formed during arc magmatism (870–620 
Ma on the basis of U–Pb and Pb–Pb geochronological results; Grenne et al., 2003), back arc 
(Alemu et al., 2007).  
The Tulu Dimtu belt is a Pan–African orogenic belt that marks major boundaries 
between high and low–grade terranes of the ANS. The Tulu Dimtu is a NNE–SSW trending 
belt, which preserve a low-grade volcano-sedimentary with ultramafic rocks (Alemu et al., 
2007). Five ultramafic occur along the Tulu Dimtu belt: Yubdo, Daleti, Tulu Dimtu, Sirbanti 
and Baruda (Alemu et al., 2000). Although relatively well exposed, the Tulu Dimtu ultramafic 
rocks are largely deformed and suffered several subsolid–state alteration that were 
metasomatized may be within the mantle and are largely lacking in their primary mineralogy 
(Sofiya et al., 2017). Outcrops contains serpentinites and carbonate rocks with a possible 
32 
 
harzburgite precursor; harzburgite (16.5 vol% Opx, 83.2 vol% Ol and 0.26 vol% Cpx). 
Approximate analogues to this scenario can be found in the Sol Hamed serpentinite, south 
eastern Desert of Egypt (Abu–Alam et al., 2014). 
 
Ch. II-3. Results and study techniques 
In this section we have used a comprehensive petrological approach to asses and 
document the geochemistry, origin and evolution of the ultramafic rocks in the Tulu Dimtu 
belt, including petrography, mineral chemistry, composition phase diagrams and P–T–XCO2 
pseudosection calculations and isotope systematics. 
 
Ch. II-3.1. Petrography and mineral chemistry 
Carbonates and associated minerals were analyzed for mineral separation using energy 
dispersive X–ray spectrometer (JEOL JSM–5410) at the Department of Geology, Tohoku 
University. The analytical conditions were carried with counting times of 200 s for each peak 
with an accelerating voltage of 15 kV and a beam current of 1nA on a Co standard. 
In the carbonated rocks, we identified magnesite and dolomite surrounded by talc, quartz, 
antigorite and chlorite (Figure 9). Magnesite and talc are two major constituent minerals of 
Tulu Dimtu carbonated ultramafic rocks and make up 50–70 modal percent. In the studied 
thin sections, antigorite occurs as small elongated grains mostly as a banding (antigorite–talc) 
but has almost consumed by talc and magnesite. We found quartz as very fine grained and 
overlapped with magnesite, talc, chlorite and magnetite. Chlorite occurs mainly with talc 
along grain boundaries and fracture zones. Together with talc, chlorite form fill-fracture 
chains. We observed magnetite and a native Fe–Ni alloy (Figure 9). Magnesite bounds the 
Fe–Ni alloy, which occurs as medium to large grains and forms elongated and irregular 
shapes. Magnetite is found as scattered inclusions and aggregated grains.  
 
Ch. II-3.1.1. Magnesite 
Magnesite (MgCO3) is formed as a consequence of dissolution of olivine mineral in the 
presence of H2O and CO2, relatively at elevated temperature and via serpentinite and talc 
carbonate metasomatism involved in the low-temperature. We found magnesite in carbonated 
ultramafic rocks of Tulu Dimtu as formed before transported to the surface. It has been 
precipitated as veins and fractures filled minerals (Figure 8) and overprinted on parent mineral 
(olivine, antigorite and talc; CO2 substituted to SiO2 site, i.e. dissolution and precipitation). It 
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is the dominant mineral constituent of the carbonated ultramafic rocks by volume. Figure 9 
and Table 3 show SEM analyses and normative mineral calculations of magnesite. On 
Backscattered electron image (Figure 8), magnesite grains show different colors (dark, grey 
and light grey). Dark magnesite is characterized by large grains, rounded and anhedral shapes 
while, grey and light grey are small and elongated grains, rhombic, euhedral and subhedral 
shapes (Figure 2A–D). Large magnesite grains have many fractures and filled by talc and 
chlorite. Magnesite contains a wide range of magnesium and iron, 29.7–55.3 wt% MgO and 
1.82–22.3 wt% FeO. Dark magnesite contains low iron and high magnesium; the earliest 
generation (derived from olivine). Grey and light grey magnesite contains moderate to high 
iron and moderate to low magnesium; late crystallized (which associated with antigorite and 
talc). The chemical differences between these three groups of magnesite (dark, grey and light 
grey) are shown in Table 3 and Figure 11. Based on MgO and FeO contents of magnesite, we 
classified magnesite as iron-poor and iron-rich magnesite. Iron-poor magnesite has Mg# 
between 0.95 and 1, while the iron-rich magnesite has Mg# between 0.85–0.94. CaO 
concentration is very low, ranging from 0.09 wt% to below detection limit and 0.16 wt% to 
below detection limit is observed in the iron-poor magnesite and iron-rich magnesite, 
respectively. The concentrations of MnO in magnesite is very low, ranging from 0.06–0.25 
wt%. Magnesite variable in modal volume percent due to formed at different phases under 
different pressure, temperature and XCO2. 
 
Ch. II-3.1.2. Talc 
Talc marked as the main hydrous mineral phase and the second abundant mineral 
constituent (by volume) of the studied rocks. We found two different kinds of talc: (1) talc 
formed on the surface of the antigorite foliation, and (2) talc formed along grain boundaries 
and fractures, fracture filled talc network surround magnesite grains. In general talc show flat, 
elongated and bladed crystals (Figure 9(b)–(f)), which under the microscope show up as fine-
grained and, colorless to pale green. Microprobe analyses of talc are presented in Table 3. The 
table shows that the chemical composition of talc has silica from 52.9 to 66 wt% (average 
61.3 wt%) and magnesite from 24.1 to 33.6 wt% (average 30.4 wt%). The CaO content is low 
(<0.03 wt%) as well as Al2O3 (<0.64 wt%) and MnO (<0.05 wt%). Iron oxide shows a wide 
range from 0.04 to 2.4 wt%. Talc has magnesium to iron ratio, Mg#=Mg/ (Mg+Fe2+) ranging 
from 0.95 to 1. Silica to magnesium ratio SiO2/ (SiO2+MgO) is in the range of 0.65-.68. 





































Figure 9. (a) Photomicrograph of listvenite from Tulu Dimtu ultramafic (crossed nicols). (b–
f) Backscattered electron images of listvenite showing mineral constituents (Fe–rich and Fe–
poor magnesite, talc, antigorite, chlorite, Fe–Ni alloy) and magnesite surrounded by talc and 




























Figure 10. Variation of MgO versus FeO of magnesite in carbonated ultramafics in the Tulu 
Dimtu. 
Figure 11. (a–c) Histograms of mineral assemblages showing modal proportions of carbonated 
ultramafic rocks (listvenite): a= 1st phase, contains 22.5 molH2O and 9.6 molCO2. b= 2nd 











Mineral Dark magnesite Grey magnesite  
Grain g1 g2 g3 g4 g5 g1 g2 g3 g4 g1 
Major-element compositions (in wt%) 
MgO 55.3 52.7 41.2 41.3 47.4 40.1 40.3 39.2 40.8 38.0 
CaO 0.04  0.09 0.08 0.05 0.01 0.04  0.08 0.01 
SiO2   0.37 0.19 0.35 0.22 0.25 0.26 0.21 0.23 
FeO 3.47 3.18 3.22 1.82 3.05 7.28 8.25 8.15 4.7 11.4 
Al2O3 0.68 0.54 0.07 0.1 0.09 0.11 0.09 0.11 0.04 0.07 
Na2O           
K2O   0.02  0.01 0.04 0.00  0.02 0.01 
MnO 0.22 0.19 0.06 0.2 0.12 0.25 0.07 0.09 0.013 0.06 
Total 59.7 56.7 45.0 43.6 51.1 47.7 49.0 47.9 45.6 49.8 
Mineral Light grey magnesite Chlorine quartz Talc 
Grains g2 g3 g4 g1 g2 g1 g1 g2 g3 
Major-element compositions (in wt%) 
MgO 39.3 29.7 37.5 34.7 34.7 3.76 24.1 27.8 29.7 
CaO  0.20 0.07 




SiO2 0.23 0.22 0.27 34.8 34.9 82.3 52.9 59.2 62.5 
FeO 10.5 22.3 9.26 4.80 6.17 0.21 0.04 2.42 1.95 
Al2O3 0.05 0.06 0.07 12.6 12.5 1.80 
  
0.02 
Na2O    
  
4.17 
   
K2O 0.03  0.02 0.00 
 
1.24 0.02 0.13 0.07 
MnO 0.13 0.02  
   
0.00 
  





Ch. II-3.2. Oxygen and Deuterium isotopes 
Oxygen and Deuterium isotopes of three whole rock powders of carbonated ultramafic 
samples (Figure 24 and Table 4) were received from University of Salamanca, Span. The 
values are homogenous and shows small variation (ranges from 10.5 to 11.5‰). The D value 
ranges from −71.4 to −66.7‰. When plotted on a bivariate 18O vs D diagram (Figure 24), 
they fall in the sediment water. Heavier in 18O values (Figure 25) than serpentinites formed 
under continental and oceanic conditions (Wenner et al., 1973), lighter in 18O value than 
New Caledonia and Greece carbonate (e.g., Quesnel et al., 2016; Hinsken et al., 2017). 
 
Table 4. Stable isotope compositions of carbonated ultramafic rocks. 
 
Sample 18OSMOW DSMOW H2O, % 
TDSL–16 11.1 −71.4 2.7 
TDSL–20 10.8 −66.7 2.6 
TDSL–11 11.5 −67.8 2.2 
 
Mineral Talc 
Grains g4 g5 g6 g7 g8 g9 g10 g11 g12 g13 
Major-element compositions (in wt%) 









SiO2 59.1 66.0 60.9 62.9 61.5 63.4 60.9 62.9 61.5 63.4 
FeO 0.74 0.79 1.33 1.68 1.96 1.65 1.33 1.68 1.96 1.65 
Al2O3 0.00 
    
0.64 
   
0.64 











0.05 0.04 0.00 
 
0.05 0.04 
















Figure 12. D vs. 18O plots. D and 18O values of magmatic water, sediment water, and 
metamorphic water (Sharp, 2007). Oceanic and continental serpentinites (Wenner et al., 1973). 
Figure 13. Oxygen isotope of carbonated ultramafic rocks from Oman (Kelemen et al., 2001 
and Falk, 2015), New Caledonia (Quesnel et al., 2016), Greece (Hinsken et al., 2017) and 
Arabian–Nubian Shield (Egypt and Sudan), Stern et al., 1990 and Abdelnasser et al., 2017. 
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Ch. II-3.3. Thermocalc modeling  
Ch. II-3.3.1. Chemographic projection 
The Tulu Dimtu carbonated ultramafic rocks are barren in ferromagnesian minerals due 
to extensive H2O–CO2–rock reactions. In order to understand: (1) the relationships of rocks 
and minerals, (2) conditions (temperature and pressure) and (3) mole fraction (reflecting the 
activity of CO2 and H2O), it is compulsory to study the chemical composition of the 
ultramafic minerals that constitute the assemblage on the composition phase diagram.  
  Peridotite is often used for olivine-bearing ultramafic rocks. Ultramafic rocks consist 
predominantly of ferro–magnesian silicates. Anhydrous ultramafics contain the three minerals 
olivine, orthopyroxene and clinopyroxene, together dominate the modal composition of 
anhydrous ultramafics. SiO2, Fe2O3, MgO and CaO constitute >95 wt% of almost all 
anhydrous ultramafics. Based on anhydrous and mantle rocks, the rocks with Fo–En–Di are 
lherzolite (undepleted mantle peridotite), Fo–En are harzburgites (depleted mantle peridotites) 
and rocks contains more than 90% forsterite are dunite (Figure 14).  
Most of the accessible mantle ultramafic rocks are tectonically altered in the crust and 
dominantly composed of olivine. In the next section, we will discuss anhydrous, hydrate and 
carbonate equivalent of ultramafic (Fo–En–Di). The present chapter is dealing with hydrated 
and carbonated rock compositions. We have projected chemography in MgO–CaO–SiO2, 
MgO–CaO–H2O and MgO–CaO–SiO2–H2O–CO2 systems, have assumed solidus temperature 
of peridotite (300–700°C, 1–10 kbar) and Fe–free system for precluding Fe–Mg exchange.  
Anhydrous version of ultramafic rocks is shown in Figure14. The figures show all 
important minerals occurring in anhydrous ultramafic rocks, the minerals are restricted to the 
green shaded area; forsterite, enstatite and diopside, they are Mg–rich minerals of peridotite 
and good candidate for carbon. If H2O and CO2 added to the ultramafic rocks, Mg and Ca are 
readily to bond with CO2 and form carbonates (dolomite, magnesite, and calcite) and H2O 
stored in hydrous minerals (e.g., serpentines, talc). All three carbonate minerals can occur in 
ultramafic rocks. Hydrated versions of harzburgites are projected in the three component 
MgO–SiO2–H2O system. The H2O stored in amphibole, talc, serpentinites, brucite or as a free 
fluid phases, depending on pressure and temperature conditions.  
The possible hydrated assemblages of ultramafic rocks are shown in figure 15. The 
maximum hydrated assemblages of ultramafic rocks at low to moderate pressure and 
temperature are: brucite + serpentinite, serpentinite + talc and talc + quart. Brucite and 
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serpentine are not stable under all geological conditions. At low to moderate pressure and 
high temperature, the maximum hydrous form of ultramafic rocks are: talc and anthophyllite.  
Ultramafics are also carbonated in the same way as they are hydrated. Addition of CO2 
to ultramafic rocks leads to saturation of the rocks with carbonate phases. The system CaO-
MgO–SiO2–CO2–H2O have used to understand the carbonation of ultramafic rocks. Figure 16 
shows a chemographic projection of the CaO–MgO–SiO2–H2O–CO2 system from H2O and 
CO2 onto the CaO–MgO–SiO2 plane and shows the relevant carbonate minerals found in 
ultramafic rocks. The hydrated and carbonated varieties of ultramafic rocks such as 
serpentinites–talc–magnesite–dolomite–quartz, talc–magnesite–dolomite–quartz or 
magnesite–dolomite–quartz depend based on pressure, temperature and XCO2. For example if 
XCO2< 0.1, low temperature low to moderate pressure: serpentinites, talc, magnesite, 
dolomite and quartz appear, if XCO2> 0.1 and low to moderate temperature: magnesite, 
dolomite and quartz are stable phases.  
The maximum carbonate assemblage of harzburgite is magnesite + quartz. Small 
amounts of CO2 in the fluid are sufficient to convert ultramafic assemblages into carbonate-
bearing assemblages. Furthermore, Ol–Opx–Cpx bearing rocks do not tolerate much CO2 in 
the fluid phase. Calculated very low XCO2 (< 0.1) have promoted carbonate and talc 
formation from Ol–Opx–Cpx. If ultramafic rocks completely carbonated (reach equilibrium), 
they lose Ol–Opx–Cpx and only show rare relics of original mineralogy and structure (e.g. 
cores of chromian spinel). This indicate that complete equilibration need enough fluids, 
conduits for the fluid injection (thrusts, faults or micro-fractured and porous host rocks) and 
high reaction kinetics. High reaction kinetics are need enough activation energy or high-
moderate temperature. High temperature initiations are not only accelerating reaction, also 
help to fracture the rock by changing condition of the systems. Rock fracture can produce by 
fluid pressure during devolatilization or tectonic stresses. Fractures are fluid pathways, 
mineral dissolution and precipitation has taken place and they can host large volumes of fluid 
if fracture are large enough and allow the passage of fluids, they can hold large mineral 
precipitations. Carbonates are one of the most common vein minerals, need precipitation 
spaces in the rock. Generally, phase relationships of carbonate bearing ultramafics allow us to 
describe the extent of carbonation and hydration and conditions (P, T and XCO2) of 
carbonation. Composition phase diagram of carbonate bearing ultramafic rocks provide an 
















Figure 14. Chemography of the anhydrous ultramafic CaO–MgO–SiO2 system, showing 








Figure 15. Chemography of the ultramafic MgO–SiO2–H2O system showing the relevant 
mineral compositions in ultramafic rocks of harzburgitic composition (depleted subcontinental 
upper mantle). Showing the minimum and maximum hydrated forms of ultramafic rocks. The 
maximum form of hydrated ultramafic rocks contains the assemblages: brucite, serpentinite, 


































Figure 16. Chemography of the CaO–MgO–SiO2–CO2–H2O system projected from CO2 and 
H2O onto the CaO–MgO–SiO2 plane showing the hydrated and carbonated forms of ultramafic 
rock assemblages at 300–700°C and 1–10kbar. Maximum hydrated and carbonated varieties of 
ultramafic rocks encompass antigorite + talc + magnesite + dolomite. Maximum carbonate 




Ch. II.3.3.2. P-T conditions  
The bulk–rock compositions of a rocks have been used to estimate the equilibrium 
stability relationships among phases and phase assemblages in terms of P–T–XCO2 variables. 
The phase diagrams in this text was computed by using perplex program (ver.06 Jul 2006; 
Connoly, 2009 using thermodynamic data base of Holland and Powell, 1998 and Connolly, 
2009). It can be used for diagrams that display any combination of the variables pressure, 
temperature, composition of a binary CO2–H2O fluid, and activity of phase components. 
Pseudosections or phase diagram sections play an important role in fields of stability of 
different equilibrium minerals assemblages for a single bulk–rock composition. Phase 
diagram can provide useful information about the petrological nature of its mantle, where 
mantle metasomatism hinders primarily mineral identifications (Wyllie and Huang, 1976, 
Eggler, 1978, Ellis and Wyllie, 1980).  
We have calculated equilibrium pressure and temperature for the Tulu Dimtu 
carbonated ultramafic rocks in the  MgO–SiO2–Al2O3–FeO–CaO–CO2–H2O (CFMAS–HC) 
system involving chlorite (Chl), dolomite (Do), magnesite (Mag), talc (Tlc), antigorite (Atg), 
tremolite (Tr), brucite (Brc), anthophyllite (Ath), olivine (Ol), orthopyroxene (Opx), 
clinopyroxene (Cpx), CO2 and H2O which includes a bulk composition of MgO, SiO2, CaO, 
Al2O3, FeO. Figure 17 and 18 show the P–T diagrams were drawn at 0.1 XCO2. 
The diagram shows successive stability path crossed (towards decreasing temperature): 
 
Opx–Ol–Cpx → Opx–Tr–Ol → Opx–oAmph–Tr–Ol → Chl–oAmph–Tr–Ol → 
Chl–Tlc–Tr–Ol → Tlc–Tr–Ol–Atg → Tr–Ol–Atg → Ol–Do–Atg →  
Ol–Do–Mag–Atg → Do–Mag–Atg, → Tlc–Do–Mag–Atg → g Chl–Tlc–Do–Mag → 
Tlc–Do–Mag → Tlc–Do–Mag–q → Chl–Do–Mag–q. 
 
This phase relationships shows that the transformation was initiated by high temperature 
hydrothermal fluids. High temperature makes carbon dioxide as inert component at the onset 
of alteration. Reaction (1) represents the high temperature limit for initial hydration. Reaction 
(4) the beginning of carbon-involving reaction and the maximum temperature limit of 
carbonate minerals precipitations. In the presence of carbon, olivine stable at lower 
temperature than Cpx and Opx. Cpx replaced by tremolite at the onset of hydration (at high 
temperature ~ 730°C, reaction (1)) and stable over a wide range of temperature (from reaction 
(1) – (4)). Tremolite disappear at the onset of carbon reaction, not tolerate carbon in the fluid. 
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Olivine resist high temperature hydration and stable with hydrate and carbonate mineral. The 
minimum temperature limit for olivine bearing assemblage is Ol–Do–Mag–Atg, replaced by 
Do–Mag–Atg at low pressure and by Tlc–Do–Mag–Atg and Chl–Tlc–Do–Mag at high 
pressure. Olivine not stable with carbon at > ~ 4 kbar. Talc has been observed in two ways: 
(a) talc formed in H2O–rich fluids at T > 500°C (reaction (2)–(4)), and (b) talc formed in 
CO2–rich fluids at low temperature (reaction (4) – (6)). Reaction (6), the minimum 
temperature limit for talc. The assemblage Tlc–Do–Mag is the wide stable assemblage of talc 
in carbon bearing fluids. Antigorite is stable at low pressure (< 5.1 kbar) and temperature (T< 
~ 580°C). The two reaction (3) and (5) limit the possible stability temperature range of 
antigorite (Figure 17 and 18). Above reaction 6, the systems are controlled by magnesite + 
dolomite + quartz assemblage, more than 60% is dominated by magnesite and quartz is 25% 
with minor dolomite, kaolinite, chlorite. Reaction 4 shows the maximum temperature for 
stability of magnesite and dolomite; 400–550°C. From Figure 17 and 18 observation the 
studied rocks pass several phases and fall within the Tlc–Do–Mag–Atg, TLC–Do–Mag, and 
Chl–Do–Mag–q assemblages. 
From P–T and petrographic observations, abundant magnesite is present in the 
carbonated ultramafic rocks of ophiolite complex of Tulu Dimtu, so the next calculation is T–
XCO2 and P–XCO2 pseudosection for characterizing the CO2–H2O fluid and activity of phase 
components. 
 
Ch. II-3.3.3. T-XCO2 and P-XCO2 pseudosection 
In order to estimate CO2–H2O fluid, and activity of phase components we calculated T–
XCO2 at 5kbar and P–XCO2 at 400°C in the CFMAS–HC system using the bulk–rock and 
mineral solution models (similar system with Figure 17). The calculated T–XCO2 and P–
XCO2 pseudosections for Tulu Dimtu carbonated ultramafic rocks are shown in Figure 19, 20, 
22 and 23 and molar proportions are presented in Table 4. Molar proportions are calculated 
for all assemblages we see in the Figures 19 and 22, based on dominant mineral in the 
assemblages, the calculations show three main carbonation transformation phase passes 
(Figure 20 and 23). The three transformation passes are: Opx +Ol + Cpx → Carbonate + 
antigorite (phase1) → carbonate + talc (phase2) → carbonate + quartz (phase3): in the first 
phase, ultramafics undergone 1/4 carbonation and 3/4 serpentinized, in the second phase 2/4 
carbonation and 2/4 talc, and finally 3/4 carbonates and 1/4 quartz produced (see Table 4). 
The transformation passes of the studied rocks can be expressed by a sequence of Tlc–Do–
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Mag–Atg, Tlc–Do–Mag–q, and Chl–Do–Mag–q mineral assemblages, they do occur at a 
temperature ranges of T= 270–570°C, P= 2–6.8 kbar, and XCO2 up to 0.8. The existence of 
antigorite in the assemblages help us to constrain the maximum pressure, the existence of talc 
in the assemblages help us to constrain the maximum temperature and the existence of quartz 
in the assemblages help us to infer the minimum temperature of the studied carbonated 
ultramafic rocks. After pressure, temperature and XCO2 have constrained, we calculated 
molar proportions of the Tulu Dimtu carbonated ultramafic mineral assemblages.  
The calculated volume proportions of the transformed minerals are: 
Orthopyroxene (16.5 vol%) Olivine (83.2 vol%) + Clinopyroxene (0.26 vol%) →  
 
(1) Antigorite (83.1 vol%) + Magnesite (16.73 vol%) + Dolomite (0.17 vol%) → 
Antigorite (5.8 vol%) + Talc (49.9 vol%) + Magnesite (44.1 vol%) + Dolomite (0.17 vol%),  
 
(2) Talc (53.67 vol%) + Magnesite (46.16 vol%) + Dolomite (0.17 vol%) → Talc (44.2 
vol%) + Magnesite (50.2 vol%) + Dolomite (0.16 vol%) + Quartz (5.5 vol%), and  
 
(3) Magnesite (68.4 vol%) + Dolomite (0.14 vol%) + Quartz (31.15 vol%) + chlorite 
(0.31 vol%).  
These transformations shows the amount of carbonate precipitation highly controlled by 
pressure and temperature in addition of H2O and CO2 activities. At low temperature and high 
pressure large molar volume of carbonate can precipitate, if enough carbon exists in the 
fluids. High temperature restricts carbon reaction and carbonate precipitations. High pressure 
restricts hydrous mineral formation and concentrate carbon. When T–XCO2 crosses at T= 
500°C and P= 5 kbar (Figure 6B), we can see mineral stability as a function of activity of 
H2O and CO2, and have near straight fluid pressure (Figure 21). Generally, carbonation of 
ultramafic rocks during its alteration, magnesite up to 67 vol% and quartz up to 30 vol% 
formed with subordinate amount of dolomite and chlorite (Figure 20 and 23). 
 
Ch. II-3.3.4. Enthalpy and density changes  
Enthalpy and density changes during hydration and carbonation of the Tulu Dimtu 
ultramafic rocks were calculated and summarized in Table 6 and Figures 24 and 25. Our 
calculations demonstrates that the density and enthalpy changes involved are large. Large 
density and enthalpy changes are observed in antigorite bearing mineral assemblage 
51 
 
formations. Antigorite, talc and quartz are characterized by lowest density and enthalpy than 
magnesite and dolomite, but among all antigorite bearing assemblages are shows the lowest 
density and enthalpy. For example, the calculated density of ultramafic (as precursor) rock is 
3231 kg/m3, at the time when large volume percent antigorite was formated, the density 
became lowest as 2712 kg/m3 (Figure 24 and 25). The minimum density of talc and quartz 
bearing carbonate assemblages is 2916.6 kg/m3. Generally, density of carbonated ultramafic 
rocks affected by hydrous minerals, which indicate that water directly face to silicate. The 
maximum enthalpy changes during the formation of antigorite bearing is –0.1×106, during talc 
bearing is –0.3×106 and during quartz bearing is –0.4×106. Enthalpy (internal energy) can 
changes during bond break and formation. This means that the energy needed during 
ultramafic rock hydration and carbonation. Energy released (exothermic reaction) or absorbed 
(endothermic reaction) as heat energy. This internal energy (enthalpy) help us to know 
chemical processes, and can be express as change in enthalpy of reaction (△rH). Change in 
enthalpy of reaction calculated from change in enthalpy of formation (△fH). To get an 
enthalpy of △rH we can measure the enthalpies of formation of the reactants and products 
△fH and then take the difference between them as △rH=△fHproduct –△fHreactant. 
 Olivine + H2O + CO2 = antigorite + magnesite + dolomite 
△rH=△fHproduct-△fHreactant = –6.2×107J 
 Serpentine + CO2 = talc + magnesite + dolomite 
△rH=△fHproduct-△fHreactant = 5.4×107J 
 Talc + CO2 = magnesite + dolomite + quartz 
△rH=△fHproduct-△fHreactant = 0.55×107J 
If △rH <0 the reaction produces a reduction in enthalpy and is exothermic (heat is up by the 
rock and gained by the surroundings). If △rH >0 the reaction produces an increase in 
enthalpy and is endothermic (heat from the surrounding is consumed by the rock). Therefore 
the transformation at initial stage was took place by exothermic and then second and third by 
endothermic reaction, which suggest that carbonate formation need large energy. Carbonate 















Figure 17. P–T pseudosection for a representative carbonated ultramafic rock bulk composition 
having CaO = 0.05 wt%, FeO = 5.83 wt%, MgO = 35.73 wt%, Al2O3 = 0.06 wt% and SiO2 = 
32.69 wt%. Small black dots represent equilibrium point. Two big red points are allocated the 







Figure 18. Enlarged P–T of Figure 17 for P = 0.1–0.5 kbar. Different reaction boundaries are 
allocated by number in the white boxes for showing different phases: (1–2) amphibole 
stability field limit, (1–3) tremolite stability field limit, (2–6) talc stability field limit, (3–5) 
antigorite stability field limit, (4) and above carbonate stability field limit. Colors: yellow and 
grey in Figure 17 represents quadrivariant fields, green and dark grey in Figure 17 represents 
trivariant fields. Possible minimum and maximum pressure and temperature ranges for the 
Tulu Dimtu carbonated rocks are shown by red rectangle. Minerals in all P–T, T–XCO2 and 
P–XCO2 diagrams are: orthopyroxene (Opx), clinopyroxene (Cpx), olivine (Ol), tremolite 
(Tr), amphibole (oAmph: anthophyllite), anorthite (an), chlorite (Chl), talc (Tlc), antigorite 
(Atg), calcite (cc), dolomite (Do), magnesite (Mag), quartz (q), kaolinite (Kao), pyrophyllite 












Figure 19. Temperature–carbon activity pseudosection drawn for 5 kbar, for the same bulk 








Figure 20. After molar proportion calculations, simplified Figure 19 diagram based on 
dominant mineral assemblage fields (Table 5). Different colors have used for separating 
different mineral phases. Quartz bearing assemblages contains minor amounts of sudoite, 
kyanite, pyrophylite, kaolinite and diaspore. Small amount of chlorite stable with talc and 
quartz bearing assemblages (Table 5). Red region shows inferred ranges of T and XCO2 of 




























Figure 21. A–A’ when crosses Figure 20 at 500°C and 5 kbar and observed possible 










Figure 22. Pressure–carbon activity pseudosections drawn for 400°C, for the same bulk 
composition as in Figure 17. Black dotes in all diagrams represents mineral assemblages at 










Figure 23. Generalized mineral phases based on dominant minerals (see Table 5). Numbers 
in white boxes represents reaction boundaries. Inferred pressure and XCO2 ranges of the 
studied rocks are shown by red region. 
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Table 5. Phase compositions (molar proportions). 
Phase Assemblage Mineral Molar proportion CO2 H2O 
   wt% vol% mol% mol% wt% mol% wt% 







0.00 Ol 83.4 83.2 87.6 
Cpx 0.26 0.26 0.18 







4.37 Do 0.21 0.23 0.26 
Atg 35.7 41.6 1.77 







5.19 Do 0.21 0.22 0.27 
Mag 2.87 2.79 8.02 
Atg 42.4 48.5 2.26 







9.71 Mag 19.7 16.8 92.2 
Atg 80.1 83.0 7.44 
TlcDoMagAt
g 







2.89 Do 0.17 0.17 0.13 
Mag 46.8 44.1 80.6 
Atg 5.16 5.79 0.17 







2.43 Tlc 51.1 53.5 19.6 
Do 0.16 0.17 0.13 











2.42 0.16 0.17 0.13 
48.6 46.2 80.3 







1.99 Do 0.16 0.16 0.11 
Mag 52.7 50.2 75.6 
q 4.90 5.50 10.3 







0.03 Do 0.14 0.14 0.06 
Mag 71.7 68.5 64.0 
q 27.9 31.1 34.0 







0.02 Mag 71.8 68.6 64.0 
q 27.9 31.1 36.0 
sud 0.14 0.15 0.02 







0.00 Mag 71.9 68.7 64.0 
ky 0.08 0.07 0.04 
q 27.9 31.1 36.0 
DoMagprlq Do 
 








Mag 71.9 68.6 64.0 
prl 0.18 0.19 0.04 


















Mag 71.9 68.6 64.0 
kao 0.13 0.15 0.04 
q 27.9 31.2 35.9 












Mag 71.9 68.6 63.9 
q 27.9 31.2 36.0 




































































































































Table 6. Density, enthalpy and entropy changes during hydration and carbonation of 
ultramafic rocks. 
 
Phase Assemblage Mineral  Enthalpy, (J) Entropy, (J/K) Density, (kg/m3) 
 OpxOlCpx Opx -0.261×107 431.32 3196.3 
Ol -0.181×107 309.42 3238.0 
Cpx -0.276×107 440.14 3216.9 
System -0.925×106 157.27 3231.1 
1 OlDoAtg Ol -0.185×107 2.44 3325.2 
Do -0.197×107 347.8 2858.4 
Atg -0.612×108 8892.9 2591.5 
System -0.100×107 137.14 3018.8 
OlDoMagAtg Ol -0.184×107 246.71 3347.5 
Do -0.196×107 348.41 2863.0 
Mag -0.911×106 162.81 3066.1 
Atg -0.612×108 8903.1 2593.7 
System -0.103×107 146.23 2933.6 
DoMagAtg Do -0.193×107 341.85 2911.2 
Mag -0.867×106 163.21 3197.7 
Atg -0.610×108 8647.0 2613.4 
System -0.115×107 171.22 2712.0 
TlcDoMagAtg Tlc -0.517×107 620.82 2803.4 
Do -0.196×107 334.73 2879.0 
Mag -0.906×106 156.89 3100.2 
Atg -0.615×108 8507.5 2603.5 
System -0.121×107 172.17 2923.0 
2 ChlTlcDoMag Chl -0.760×107 1045.0 2674.9 
Tlc -0.517×107 622.75 2803.0 
Do -0.196×107 335.53 2877.5 
Mag -0.907×106 157.15 3095.6 
System -0.121×107 172.90 2937.7 
TlcDoMag Tlc -0.514×107 661.01 2801.5 
Do -0.195×107 354.25 2871.2 
Mag -0.901×106 166.16 3085.1 
System -0.121×107 183.18 2932.7 
3 TlcDoMagq Tlc -0.515×107 654.67 2801.1 
Do -0.195×107 350.89 2869.7 
Mag -0.905×106 164.23 3078.0 
q -0.804×106 96.70 2609.9 
System -0.123×107 186.00 2929.6 
ChlDoMagq Chl -0.765×107 1040.1 2665.4 
Do -0.198×107 333.83 2864.4 
Mag -0.923×106 154.94 3054.2 
q -0.808×106 92.05 2616.0 
System -0.133×107 200.17 2916.6 
DoMagqsud Do -0.120×107 303.48 2872.7 
Mag -0.933×106 140.16 3065.5 
















sud -0.757×107 853.44 2641.8 
System -0.135×107 181.11 2927.5 
DoMagkyq Do -0.198×107 322.36 2867.7 
Mag -0.927×106 149.35 3058.5 
ky -0.233×107 213.81 3654.1 
q -0.810×106 88.67 2619.7 
system -0.134×107 192.99 2922.0 
DoMagprlq Do -0.201×107 280.41 2878.0 
Mag -0.939×106 128.94 3073.1 
prl -0.503×107 466.14 2810.8 
q -0.818×106 76.43 2629.8 
System -0.136×107 166.58 2934.7 
DoMagkaoq Do -0.204×107 234.89 2886.1 
Mag -0.951×106 106.86 3086.1 
kao -0.365×107 310.83 2608.9 
q -0.824×106 63.31 2636.8 
system -0.137×107 138.07 2945.2 
DoMagqdsp Do -0.204×107 231.38 2886.6 
Mag -0.951×106 105.17 3087.0 
q -0.825×106 62.30 2637.2 
dsp -0.892×106 60.01 3367.3 
system -0.137×107 135.85 2946.4 
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Ch. II-4. Discussion  
Carbonates (magnesite/ breunnerite and dolomite) and hydrates (talc and quartz) are 
found in Tulu Dimtu ultramafic rocks, they are maximum carbonated and hydrated mantle 
assemblages (see chemography; Figures 14, 15 and 16). They are recognized as transformed 
from Opx–Ol–Cpx (see Figures 17, 18, 19, 20, 22 and 23). Based on chromian spinel and 
carbonate compositions, pseudosection calculations and composition phase diagrams 
(chemography), the Tulu Dimtu ultramafic rocks originally composed of  harzburge 
(forsterite, orthopyroxene and subordinate amount of clinopyroxene), which we interpreted as 
depleted subcontinental upper mantle fragments. 
 
Ch. II-4.1. Changes in composition and volume  
Our SEM analyses, pseudosection calculations, chemographic projections studies 
showed that the original ultramafic rocks extensively reacted with CO2-rich fluids to produce 
carbonates. Extensive carbon reacted of the studied samples are shown by different produced 
magnesite phase fields (Figures 17, 18, 19, 20, 22 and 23), phase fields contain different 
magnesite modal proportions, Table 5). This shows that magnesite formed at a wide variety of 
conditions including different pressure, temperature and XCO2 and the amount of carbonates 
controlled by P, T and XCO2. For instance, the amount of magnesite varies with carbon 
content from 2.79 vol% mag; 1.55 wt% CO2 to 68.47 vol% mag; 36.36 wt% CO2, which 
implies that large crustal carbon involvement in the studied rocks. Sofiya et al. (2017) 
considered that the preservation of high Mg# of chromian spinel in the carbonated rocks as a 
sign that no Fe2+–Mg exchange due to isolation of chromian spinels, carbonation removed 
ferromagnesian minerals from the precursor, the precursor emplaced into sediments, sediment 
recognized as transmitter of CO2–rich fluids to Tulu Dimtu ultramafic rocks. 
In SEM observation, magnesite grains show different color (dark, grey and light grey, 
see Figure 9) on back scattered electron images, most grains show dark with high MgO 
contents which indicates that the derivations mostly from olivine (Sissmann et al., 2014).We 
show this evolutions of carbonation as three different phases based on T, P and XCO2 
conditions (Table 4 and Figure 20 and 23): (a) carbonate + antigorite (phase 1), (b) carbonate 
+ talc (phase 2) and (c) carbonate + quartz (phase 3). Our pseudosection calculations show 
that the assemblages containing antigorite and talc shows large enthalpy changes than 
magnesite and dolomite, suggest that hydration released energy (exothermic reaction) then 
energy consumed by carbon reaction (endothermic reaction). Carbonate studies by Kelemen 
et al., 2008; O’Connor et al., 2001; Goldberg et al., 2001 indicate that the transformation from 
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peridotite to carbonate is exothermic, which energy increased by reaction to sustain high 
temperature, leading rapid reaction. Our study shows the rock first heated, then followed by 
release to surrounding and rock back to absorb energy from surrounding to proceed reaction. 
This energy consumptions of carbonate formation would have been lowered energy of the 
system, implying that carbonation dramatically affect temperature of the system (lower 
temperature). Low temperature and high pressure allowed large carbonate precipitation (T < 
570°C and P > 5 kbar) in the studied rocks.  
The estimated density for the parent rock is 3,237 kg/m3; at phase 1 decreased to 2,712 
kg/m3; then increased to 2,917 kg/m3 during phase 2; to finally reach 2,946 kg/m3 at phase 3. 
We interpret that rock absorbs fluids leading swelling, increasing volume, veining at phase 1. 
At phase 2 and 3, the precipitation of magnesite and formation of cracks seal texture due to 
increasing pressure resulted in compaction, loss of water and an increasing density and 
increase CO2 contents. The preserved overprint of this scenario is the fracture filled magnesite 
observed in our hand samples (Figure 8). Considering these facts, we estimate the precursor 
of the Tulu Dimtu carbonated rock as: 16.5 vol% Opx, 83.2 vol% Ol, and 0.26 vol% Cpx. 
Grey and light grey grains of magnesite contain low MgO and high FeO (up to 22.3 wt%) 
(Table 3) when compared to dark magnesite grains, they are associated with antigorite and 
talc but most antigorite disappeared during metasomatism. 
 
Ch. II-4.2. P–T–XCO2 evolutions 
Pseudosection calculations and chemographic projections studies shows that the 
ultramafic–CO2 rich fluid reaction was initiated by high temperature (T= ~ 750°C) and 
pressure (P> 2 kbar). Such temperature ranges restricted carbonate precipitation, at high 
temperature and low–pressure conditions the low solubility of carbon and accelerate 
hydration and built channel for fluid migration. Hydration of ultramafic rocks accompany 
volume changes (increase in volume; Figure 22), serpentinization reaction involves volume 
expansion (David et al., 1973), weight loss (O’Connor et al., 2001). The initiation of high 
temperature of the studied rocks also evidenced by talc (Figure 9), talc is abundant in the 
rocks and stable at T> 460°C for XCO2> 0.1 and T< 350°C for XCO2 < 0.1. Calculated T–
XCO2 and P–XCO2 phase diagram (Figures 17, 18, 20 and 21) showed that XCO2 up to 0.8 in 
the fluid at the P–T conditions of P= 4 kbar and T= 575°C. High XCO2 makes talc stable at 
low pressure (P< 6 kbar), the higher the fractionation of CO2 in the fluid phases lower the 
equilibrium pressure for talc bearing carbonate assemblages. Extensive carbon reactions took 
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place in the studied samples as shown by different phases of magnesite (Table 5 and Figures 
17 to 23), extensive reactions consume much energy so, help to increased temperature and 
decreased pressure of the system, this remove chemically–bonded water and allow large 
carbonate formations. In the studied samples, a large amount of carbonate formation took 
place at moderate temperature (T< 460°C) and pressure (P> 2.6 kbar). Temperature and 
pressure control the amount of carbonate precipitation, we observed magnesite with different 
MgO contents, brightness and different volume present of magnesite at different pressure and 
temperature. Generally, the studied rocks were carbonated by metasomatic CO2–rich fluids, 
pressure 8 kbar> P >2.6 kbar, temperature 575°C> T >270°C, and XCO2 up to 0.8. The high 
temperature initiation to drive the reaction to equilibrium within short period of time. 
O’Connor et al. (2001) and Kelemen et al. (2008) noted that heating the parent rocks and 
increasing pressure accelerate carbon–rock reaction, consistent with our equilibrium mineral 
observed from pseudosection and chemographic projection, warming the system at initial 
stage speed up bond break and formation. Our observation, at lower pressure carbonate 
precipitation passes different phases (e.g. tremolite + talc → serpentine + carbonate → talc 
+ carbonate → carbonate + quartz) but, at high pressure reaction reduces phase of 
transformation (talc + carbonate → carbonate + quartz, this means that high pressure reduces 
pore water (avoid serpentinization) and increase concentration of carbon by compaction, as a 
consequence large amount of carbonate can precipitate. 
 
Ch. II-4.3. Material transport during carbonation 
Very small amounts of CO2 (< 0.1 wt%) in the fluid are sufficient to transform 
ultramafic assemblages into carbonates (magnesite, dolomite, calcite and aragonite) bearing 
assemblages. However, it is necessary over 30 wt% CO2 to drive large carbonate precipitation 
(> 50 vol%). Sediment decarbonation involves the transport of considerable quantities of CO2 
(e.g., Karato, 2015). The evolved fluids were remobilized possibly due to the initiation of 
hydrothermal circulation in response to emplacement of magma or injection of dike 
complexes. This could come about, is carbonation occurred during cooling of the complex 
that the Tulu Dimtu complex was emplaced as a hot into sedimentary complexes or ultramafic 
rocks heated with sediments that allow fluid exchange between sediment and ultramafic body 
preceded carbonate alteration.  
Structural studies (Tadesse and Tsegaye, 2007) showed that ultramafic rock thrusted, 
folded and sheared with sediment, this indicate that ultramafic rock was emplaced in sediment 
68 
 
before brought to the surface. We interpret that hot fluids (CO2–rich) released from sediment 
and percolated to the ultramafic rocks in studied samples. This fluid addition caused 
compositional changes of the studied ultramafic rocks (harzburgite; olivine–orthopyroxene–
clinopyroxene) to carbonates and hydrates (magnesite–dolomite–talc–quartz) bearing rocks. 
In contrast to hydration of ultramafic rocks, which derives by large volume changes while, 
carbonation reactions produce no major changes in volume. Carbon dissolves and precipitate 
and/ or fill the spaces formed by hydration. Furthermore, carbonate precipitation expels fluids 
exist as channels between grains, when the rock is fully carbonated, fluids got trapped at 
junctions (Hay and Evans, 1988). Therefore, porosity can be created by mineral dissolution, 
and filled by mineral precipitation, leaving low vesicular during carbonation. We consider 
Tlc–Do–Mag–Atg, Tlc–Do–Mag, and Chl–Do–Mag–q assemblages of the studied rocks with 
44.1 vol% and 68 vol% magnesite with maximum equilibrium at T= 525–575°C and P= 2–8 
kbar, respectively. From magnesite modal proportions we estimated the fluids added to the 
ultramafic rock. The calculations show that 173.2–361.7cm3 water per 1000 cm3 rock was 
interacted with ultramafic rocks in order to produce the observed modal proportion of mineral 
assemblages. The deduced amount of interacting fluid can be expressed in terms of a time–
temperature-pressure integrated fluid/rock ratios. The extent of carbonation in the studied area 
reach 50–70%. 
 
Ch. II-4.4. Oxygen and Deuterium isotopes  
The 18O compositions of carbonated ultramafic rocks (Figure 13) from different 
locality shows a wide variation. This suggest that different types of water were evolved in the 
carbonation of ultramafic rocks and/ or extensive fluid–rock interaction. Carbonated 
ultramafic rocks were reported from whole over the world, among them 18O values from 
Greece (18O = +12.2 to +17.6‰; Hinsken et al., 2017), New Caledonia (18O = +27.8 to 
+29.5‰; Quesnel et al., 2016), Arabian-Nubian Shield (18O = +3.5 to +27.4‰; Stern et al., 
1990 and Abdelnasser et al., 2017) and Oman (18O = +7.2 to +43.2‰; Kelemen et al., 2011 
and Falk, 2015). Large variation in isotopes (87Sr/ 86Sr, 18O, and 13C) are recognized from 
Arabian–Nubian Shield and Oman carbonates, there is a mixed fluid sources (sedimentary, 
mantle and crustal fluids) for ultramafic carbonations as interpreted by Stern et al., 1990 and 
Kelemen et al., 2011. The isotopic compositions of three carbonated ultramafic rocks of Tulu 
Dimtu D (−66.7 to −71.4‰) and 18O (+10.8 to +11.5‰) values appear to be uniform, a 




Ch. II-4.5. Origin and tectonic implication  
Ultramafic rocks in Arabian–Nubian Shield, and in particular, in Ethiopia, carbonated 
and serpentinized removing most of their primary features and hindering their primary 
compositions. Therefore, we inferred the original composition from our geochemistry and 
petrologic modeling. According to our petrological modeling the studied carbonated rocks 
were derived from depleted harzburgite (16.35 vol% Opx, 83.21 vol% Ol, and 0.26 vol% 
Cpx), represent fragments of subcontinent upper mantle. Harzburgite is a dominant 
characteristic protolith of the Arabian–Nubian Shield ultramafic complexes (Stern, 2004), and 
characterized by magnesian olivine and chromian spinel with high Cr#. Harzburgites are 
common rocks in classical upper plate obducted ophiolites (Stern, 2004). Thus, we think that 
the origin of the ultramafic assemblage is metasomatized before the continental collision. Our 
study is in concordance with ultramafic rocks from southern Desert of Egypt (Abu-Alam et 
al., 2014). Large volume of carbon (up to 36.36 wt%) and the origin of fluids largely 
associated with sediment, imply that the studied piece of the Arabian-Nubian Shield ophiolite 
had to be altered close to water and carbonate rich sediments. This situation may have 
occurred during fore arc magmatism as considered in Egypt (Abu-Alam et al., 2014) or, 
sheeted and vein dike in ultramafic rocks are observed by several workers (e.g. Braathen et 
al., 2001), dike intrusions are may source of heater. Considering the pressure and temperature 
at which the reactions happened (T= 270–575°C and P= 2–8 kbar, at depth ~ 6–20 km) we 
suggest the following scenario as the most likely: large amount of carbon was involved in the 
studied area (CO2 up to 36.4 wt%), it must be crustal in origin, reside in sediments 
(mélanges), percolated through subduction slab, ultramafic rocks emplaced into subducted 
sediment, heated by uprising magma or dike injections, carbonated fluid exchange between 
sediment and ultramafic rocks then ultramafic carbon alteration. This scenario also supported 
by structural study of Tadesse et al. (2007), ultramafic rocks were incorporated to sediment 
before trusting. This early incorporation of ultramafic rocks to a sedimentary/altered ocean 
crust basalt cause carbon alteration of ultramafic rocks at subduction zone environments, most 






Ch. II-5. Conclusion 
The Tulu Dimtu ultramafic rocks are a mantle-derived, serpentinized and carbonated 
harzburgite, which was subjected to moderate temperature and low pressure CO2-rich fluid 
metasomatism (T= 270–575°C, P= 2–8kbar). The parent rock composed of 16.5 vol% Opx, 
83.2 vol% Ol, and 0.26 vol% Cpx, now the rocks transformed to 46.5–68.65 vol% magnesite, 
44.17–53.62 vol% talc and 15.50–31.22 vol% quartz with minor amount of chlorite and 
antigorite. 
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Chemographic projections and pseudosection calculations for 
























Ch. III Summary 
Chemography (composition phase diagrams) and pseudosection were calculated by 
using Perplex software (ver.06 Jul; Connoly, 2009) and internally-consistent thermodynamic 
database (Holland and Powell 1998, revised 2002). Composition phase diagrams have been 
helped us to saw mineral assemblages found in ultramafic rock and sequences of hydrous and 
carbonate mineral reactions. Finally, we calculated T–P–XCO2 pseudosections, density, 
























Ch. III-1 Introduction 
Composition phase diagrams are displayers of the chemical composition of minerals 
and mineral assemblages on triangular diagrams. Such diagrams are an indispensable tool in 
the analysis of rock characteristics and evolution of a terrain. Also, they can be used to deduce 
sequences of mineral reactions during phase changes. The variables on the diagrams are 
concentrations. All other variables that control the nature of the stable mineral assemblage 
such as pressure and temperature are constant. Pseudosection is a phase diagram which 
display the equilibrium stability relationships among minerals, and fluids as a function 
pressure, temperature and bulk rock compositions. 
 
Ch. III-2. Methods 
Ch. III-2.1. Basic principle of making chemographic projections 
Assigning dominant mineral species present in the samples, project the phase 
compositions from the composition of a mineral then document the assemblages found in 
rocks in triangular figures. In the studied ultramafic rocks olivine is a modally abundant 
mineral whereas orthopyroxene and clinopyroxene is present in ultramafics. Composition 
phase diagrams for anhydrous ultramafics constructed by projecting through MgO on to 
MgO–SiO2–CaO mole fraction triangle. To illuminate the presence of water and carbon in the 
ultramafic rocks, projected H2O onto MgO–SiO2–H2O and H2O and CO2 onto MgO–SiO2–
CaO–H2O–CO2, respectively. 
 
Ch. III-2.2. Pseudosection calculations 
Calculations have been performed in the CaO–FeO–MgO–Al2O3–SiO2–CO2–H2O system 
for carbonated ultramafic rocks bulk composition having CaO = 0.05, FeO =5.83, MgO = 
35.73, Al2O3 = 0.06 and SiO2 = 32.69 (wt%) to determine the mineral assemblages, P–T–
XCO2 of the carbonated ultramafic rocks of the Tulu Dimtu. Once the mineral assemblages 
and P–T–XCO2 have been determined, at a given P–T–XCO2 of the assemblages, we 
calculated molar proportions, density, enthalpy and entropy changes during hydration and 
carbonation (Table 5 and 6, in chapter 2). These phase equilibrium calculations have helped 
us to infer the precursor of the rocks, where the rocks have lost all primary mineral constitutes 
and the origin made confusions between researchers for centuries. Phase diagrams can be 




Ch. III-3. Results 
Ch. III-3.1. Molar proportions, density, enthalpy, entropy and P-T-XCO2 calculations 
The values of P–T–XCO2, Molar proportions, density, enthalpy, and entropy were 
calculated by the help of Perplex software after the mineral assemblages of the ultramafic 
rocks have been identified. The results are tabulated in Table 5 and 6 and plotted on Figures 
18–25. 
 
Ch. III-3.2. Fluid-rock ratio 
Chemical reactions in a rock initiated by high temperature and equilibrium assemblages 
proceeded in response to lower temperature. The progress of a chemical reaction can be 
illustrated by using the following magnesite-producing reactions:  
 
34 Mg2SiO4 [olivine] + 20 CO2 + 31 H2O = 
Mg48Si34O85 (OH)62 [antigorite] + 20 MgCO3 [magnesite], 
 
2 Mg48Si34O85 (OH)62 [antigorite] + 45 CO2 = 
5 MgCO3 [magnesite] + 17 Mg3Si4O10 (OH)2 [talc] + 45H2O, and 
 
Mg3Si4O10 (OH)2 [talc] + 3CO2 = 3 MgCO3 [magnesite] +4 SiO2 [quartz] + H2O. 
 
Olivine reacted with carbonated fluids and produce antigorite and magnesite at initial phases. 
Antigorite and talc reacted with carbon and produce magnesite and release H2O at second and 
third phases. The equilibrium conditions of the reaction are shown in Figures 19 as a function 
of temperature and the composition of a binary CO2–H2O fluid at pressure of 5kbar. Olivine 
bearing ultramafic rock with an initial 1% pore space absorb a fluid of the composition XCO2 
= 0.05 to bring reaction boundary of the antigorite-magnesite producing reaction a 
temperature of about 525°C. Further addition of CO2 produces talc-magnesite and magnesite–
quartz and the fluids become enriched CO2 as a result of H2O released by the reaction. The 
rock reaches a temperature of 575–525°C and contains the isobaric talc-magnesite and 
magnesite-quartz assemblages. We calculate the modal amount of magnesite produced by the 
reaction: 46.2 vol% and 68.5 vol% at the second and third reactions. The talc and quartz 
bearing rock with 46.2 vol% and 68.5 vol% magnesite that equilibrated at 572 and 525°C and 
5 kbar. From the calculations above it is evident that extensive reaction can produce a large 
modal amount of magnesite (at T= 572–525°C and P= 5 kbar).  
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Consequently, a very magnesite reach rock those formed in these conditions the result of 
interaction with a foreign, externally derived CO2–rich fluid that pushed the rock across the 
reaction equilibrium into the magnesite field. The question is how much H2O added to the 
rock in order to produce the observed modal proportion of magnesite?  
 
This can be calculated with reference to equation [2 Mg48Si34O85 (OH)62 [antigorite] + 45 CO2 
=5 MgCO3 [magnesite] + 17 Mg3Si4O10 (OH)2 [talc] + 45H2O]: 
Reference volume: 1000 cm3 rock. 
The molar volume of magnesite is: V° = 28cm3/ mol (database.iem.ac.ru). 
The molar volume of H2O is: V° (XCO2 = 0.8, T= 575°C, P= 5 kbar) = 21.92 cm
3/mol, and 
(XCO2 = 0.7, T= 525°C, P= 5 kbar) = 21.12 cm
3/mol (Helgeson and Kirkham, 1974). 
 
Calculations of fluid-rock ration as follows:  
46.2 vol% magnesite (V° = 28 cm3/mol) = 1.65 mol/100 cm3.  
The rock containing 16.5 mol magnesite/ 1000 cm3 rock. It follows from reaction 
stoichiometry of reaction [2 Mg48Si34O85 (OH)62 [antigorite] + 45 CO2 =5 MgCO3 [magnesite] 
+ 17 Mg3Si4O10 (OH)2 [talc] + 45H2O ] that the reaction also produced 16.5 mole of H2O. 
The molar volume of H2O is: (T= 575°C, P= 5kbar) = 21.92 cm
3/mol. 
The total volume of H2O that reacted with the rock is: 361.7 cm
3 H2O/ 1000 cm
3 rock. 
  
68.5vol% magnesite (V° = 28 cm3/mol) = 2.45 mol/100 cm3  
The rock containing 24.5 mol magnesite/ 1000 cm3 rock. It follows from reaction 
stoichiometry of reaction [Mg3Si4O10 (OH)2 [talc] + 3CO2 = 3 MgCO3 [magnesite] +4 SiO2 
[quartz] + H2O ] that the reaction produced one third of water = 8.2 mole of H2O. 
The molar volume of H2O is: (T= 525°C, P= 5 kbar) = 21.12 cm
3/ mol. 
The total volume of H2O that reacted with the rock is: 173.2cm
3 H2O/ 1000 cm
3 rock. 
 
Ch. III-4. Discussions 
Phase diagrams are important tools for the description, analysis and interpretation of 
metasomatic rocks and metasomatism. Metasomatic processes, initially have long been 
considered as crustal processes, are now believed to be important in the mantle, as well. 
Boettcher and O’Neill (1980), Dawson, 1980 and Harte (1983) showed peridotites were 
metasomatized within the mantle and mantle metasomatism is difficult to characterize by 
79 
 
trace element and isotope geochemistry (Walker, 1983). Phase diagrams are helped to study 
mantle metasomatism (Wyllie and Huang, 1976, Eggler, 1978, Ellis and Wyllie, 1980) and 
provide an important information about petrogenesis. The calculation and construct phase 
diagrams are important for phase assemblages and phase compositions. By using phase 
diagrams, we calculated P, T, XCO2, Density, enthalpy, entropy and molar proportions of 
Tulu Dimtu carbonated ultramafic mineral assemblages. From molar proportions of mineral 
assemblages, we calculate fluid–rock interactions and shows high involvements of CO2–rich 
fluids in the carbonation and serpentinization of Tulu Dimtu ultramafic rocks at moderate 
pressure and temperature. High carbon activity lowers the stability of hydrous minerals and 
accelerates carbonation by increasing pressure and decrease temperature. These conditions are 
favorable for large carbonate precipitation (the so–called complete carbonation; all divalent 
metal cation in carbonate and all silicate in quartz). 
  
Ch. III.5. Conclusion  
A rock with 46.2 and 68.5 vol% magnesite that formed from ultramafic rocks at 
maximum temperature 572–525°C and moderate pressure 5 kbar requires interaction with 
173.2–361.7 cm3 H2O per 1000 cm3 rock, represents a minimum value. The composition of 
the interacting fluid is more CO2–rich, more CO2 is required to produce the observed amount 
magnesite in the rocks. The deduced amount of interacting fluids can be expressed in terms of 
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Rock–type Massive serpentinite 
Sample  TDSD–15 TDSD–15–2 
Mineral r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol 
Major-element compositions (in wt%)  
SiO2 41.8 40.6 41.8 41.3 40.6 40.9 41.0 41.5 41.6 40.9 
FeO 8.70 9.27 8.53 8.88 9.07 8.44 8.55 9.03 9.23 8.44 
MnO 0.08 0.09 0.12 0.15 0.12 0.14 0.08 0.08 0.13 0.14 
MgO 50.1 48.3 50.0 49.4 48.5 49.2 49.3 49.47 49.6 49.2 
CaO 
   
0.02 0.00 
 
0.01 0.01 0.02  




98.8 100.9 100.1 98.7 99.1 99.2 100.4 100.9 99.1 
O=4  
Si 1.01 1.01 1.01 1.01 1.01 1.015 1.01 1.01 1.01 1.01 




0.002 0.002 0.003 0.002 0.003 0.002 0.002 0.003 0.003 
Mg 1.80 1.79 1.80 1.79 1.79 1.80 1.81 1.79 1.79 1.80 
Ca 
   
0.00 0.00 
 
0.00 0.00 0.00  
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 2.99 2.99 2.99 2.99 2.99 3.00 2.99 2.99 2.99 3.00 















Sample  TDSD–4 TDSD–4–2 
Mineral r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol r.Ol 
Major-element compositions (in wt%)  
SiO2 41.2 41.7 41.5 42.4 41.6 42.1 41.0 40.9 42.6 42.3 
FeO 6.73 6.88 5.74 6.29 9.13 9.38 8.15 9.13 4.95 4.2 
MnO 0.02 0.04 0.10 0.17 0.06 0.09 0.18 0.19 0.14 0.13 
MgO 49.3 50.3 51.2 51.6 49.6 49.8 48.6 48.3 52.4 52.9 
CaO 0.06 0.03 0.06 0.02 0.06 0.02 0.02 0.00 0.03 0.03 
NiO 0.29 0.44 0.37 0.52 0.34 0.46 0.41 0.29 0.22 0.30 
Total 97.5 99.5 98.9 101.0 100.8 101.8 98.4 98.8 100.3 99.9 
O=4  
Si 1.02 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.02 1.01 
Fe 0.14 0.14 0.12 0.13 0.19 0.19 0.17 0.19 0.10 0.08 
Mn 0.00 0.001 0.002 0.003 0.001 0.002 0.004 0.004 0.003 0.003 
Mg 1.82 1.82 1.85 1.84 1.79 1.78 1.79 1.78 1.86 1.89 
Ca 0.002 0.001 0.002 0.001 0.002 0.00 0.001 0.00 0.001 0.001 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
Total 2.98 2.99 2.99 2.99 2.99 2.99 2.99 2.99 2.99 2.99 
Fo 92.8 92.8 93.9 93.4 90.5 90.3 91.2 90.2 94.8 95.6 
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Rock–type Massive serpentinite 
Sample TDSD–15 
Mineral core rim core rim core core core core core Core 
Major-element compositions (in wt%) 
SiO2 0.27 0.20 0.24 0.24 0.30 0.15 0.26 0.31 0.2 0.24 
TiO2   0.00 
 
0.00 0.01 0.05 0.06 0.00 0.03 0.00 
Al2O3 6.81 1.79 6.21 0.05 5.99 6.74 6.50 6.62 6.18 6.18 
Cr2O3 60.1 47.7 61.9 20.1 60.4 61.4 62.3 60.2 60.5 60.8 
Fe2O3 1.28 20.0 1.28 50.2 1.21 1.42 1.35 1.43 1.41 1.29 
FeO 26.3 29.4 25.0 31.3 24.6 25.8 25.1 25.3 24.2 24.1 
MnO 0.27 0.60 0.43 0.29 0.32 0.46 0.35 0.41 0.46 0.58 
MgO 4.41 1.82 5.27 0.70 5.11 4.84 5.59 4.97 5.29 5.34 
V2O5 0.40 0.26 0.31 0.22 0.23 0.22 0.32 0.29 0.24 0.31 
Total 99.7 99.7 100.5 98.1 98.0 100.9 101.7 99.4 98.4 98.8 
O=4 
Si 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ti 0.00 0.00 0.00 0.00 0.00 0.001 0.002 0.00 0.001 0.00 
Al 0.28 0.08 0.25 0.10 0.25 0.27 0.26 0.27 0.26 0.26 
Cr 1.67 1.37 1.70 1.34 1.7 1.68 1.68 1.67 1.69 1.69 
Fe3 0.03 0.55 0.03 0.55 0.03 0.04 0.04 0.04 0.04 0.03 
Fe2 0.77 0.89 0.72 0.88 0.73 0.74 0.72 0.74 0.72 0.71 
Mn 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 
Mg 0.23 0.10 0.27 0.11 0.27 0.25 0.29 0.26 0.28 0.28 
V 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.01 3.22 3.01 3.62 3.01 3.01 3.01 3.01 3.01 3.01 
Mg# 0.23 0.1 0.27 0.12 0.27 0.25 0.29 0.26 0.28 0.28 
Cr# 0.86 0.95 0.87 0.93 0.87 0.86 0.87 0.86 0.87 0.87 





Rock–type Massive serpentinite 
Sample TDSD15-2 
Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.27 0.28 0.18 0.26 0.17 0.28 0.26 0.33 0.29 0.25 
TiO2 0.05 0.00 0.00 0.07 0.09 0.00 0.11 0.07 0.03 0.00 
Al2O3 6.38 0.62 6.16 0.14 7.16 0.07 6.42 0.14 6.88 0.07 
Cr2O3 61.4 40.5 62.8 18.4 60.1 16.1 60.7 26.0 61.2 19.0 
Fe2O3 1.43 28.9 1.44 53.1 1.60 56.0 1.54 44.7 1.65 52.8 
FeO 23.1 30.5 25.3 31.8 26.8 32.2 24.8 31.4 25.3 32.0 
MnO 0.35 0.60 0.39 0.27 0.59 0.10 0.50 0.32 0.60 0.18 
MgO 6.42 1.23 5.27 0.77 4.14 0.67 5.30 0.92 5.27 0.70 
V2O5 0.33 0.26 0.46 0.19 0.41 0.35 0.22 0.12 0.36 0.28 
Total 99.5 100.0 101.9 99.7 100.9 100.2 99.6 99.5 101.4 100.0 
O=4 
Si 0.009 0.01 0.006 0.009 0.006 0.01 0.009 0.01 0.01 0.009 
Ti 0.001 0.00 0.00 0.002 0.002 0.00 0.003 0.002 0.001 0.00 
Al 0.26 0.03 0.25 0.01 0.29 0.003 0.26 0.01 0.28 0.003 
Cr 1.68 1.16 1.7 0.53 1.65 0.46 1.67 0.75 1.66 0.54 
Fe3 0.04 0.79 0.04 1.44 0.04 1.52 0.04 1.22 0.04 1.44 
Fe2 0.67 0.93 0.73 0.96 0.78 0.97 0.72 0.95 0.72 0.97 
Mn 0.01 0.02 0.01 0.01 0.02 0.003 0.01 0.01 0.02 0.01 
Mg 0.33 0.07 0.27 0.04 0.21 0.04 0.28 0.05 0.27 0.04 
V 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 
Total 3.01 3.32 3.01 3.65 3.01 3.69 3.01 3.54 3.01 3.65 
Mg# 0.33 0.07 0.27 0.04 0.22 0.04 0.28 0.05 0.27 0.04 
Cr# 0.87 0.98 0.87 0.99 0.85 0.99 0.86 0.99 0.86 0.99 




Rock–type Massive serpentinite 
Sample TDSD–4 
Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.28 0.29 0.25 0.34 0.29 0.46 0.25 0.33 0.26 0.36 
TiO2 0.00 0.00 0.00 0.00 0.07 0.01 0.00 0.00 0.03 0.00 
Al2O3 6.19 0.08 6.15 0.03 7.15 0.08 7.84 0.04 7.24 2.96 
Cr2O3 64.2 1.88 63.4 1.97 61.1 1.40 59.7 1.44 60.9 19.5 
Fe2O3 1.36 71.1 1.85 70.5 1.71 69.9 2.00 71.2 1.64 49.3 
FeO 18.8 31.5 18.4 31.7 18.3 31.1 19.8 31.2 19.5 28.1 
MnO 0.23 0.21 0.29 0.26 0.41 0.14 0.30 0.23 0.30 0.88 
MgO 9.54 1.04 9.55 0.89 9.43 1.14 8.47 1.20 8.70 3.02 
V2O5 0.12 0.08 0.23 0.11 0.25 0.00 0.28 0.11 0.13 0.09 
Total 100.5 99.1 99.9 98.7 98.6 97.2 98.5 98.6 98.5 99.2 
O=4 
Si 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
Ti 0.00 0.00 0.00 0.00 0.002 0.003 0.00 0.00 0.001 0.00 
Al 0.25 0.003 0.25 0.001 0.29 0.003 0.32 0.002 0.29 0.12 
Cr 1.70 0.05 1.69 0.06 1.65 0.04 1.62 0.04 1.65 0.54 
Fe3 0.03 1.92 0.05 1.92 0.04 1.92 0.05 1.93 0.04 1.31 
Fe2 0.53 0.95 0.52 0.96 0.52 0.95 0.57 0.94 0.56 0.83 
Mn 0.01 0.01 0.01 0.01 0.01 0.004 0.01 0.01 0.01 0.03 
Mg 0.48 0.06 0.48 0.05 0.48 0.06 0.43 0.07 0.44 0.16 
V 0.003 0.003 0.005 0.003 0.006 0.00 0.006 0.004 0.003 0.003 
Total 3.01 3.95 3.01 3.94 3.01 3.95 3.01 3.95 3.01 3.58 
Mg# 0.48 0.06 0.48 0.05 0.48 0.06 0.43 0.06 0.44 0.16 
Cr# 0.87 0.94 0.87 0.98 0.85 0.92 0.84 0.96 0.85 0.82 




Rock–type Massive serpentinite 
Sample TDSD–4–2 
Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.26 0.40 0.26 0.99 0.23 0.37 0.31 0.32 0.33 0.43 
TiO2 0.03 0.05   0.01  0.02 0.01    
Al2O3 6.28 0.06 5.55 0.02 5.94 0.06 6.33 0.04 5.91 0.60 
Cr2O3 61.8 1.07 64.1 2.21 61.9 0.62 62.7 3.29 63.6 12.8 
Fe2O3 1.31 68.1 1.09 67.6 0.54 68.3 1.07 66.0 1.46 1.85 
FeO 20.1 30.5 20.8 30.0 21.4 30.7 19.9 30.4 21.2 21.0 
MnO 0.30 0.41 0.27 0.18 0.16 0.12 0.33 0.27 0.33 0.77 
MgO 8.24 3.96 8.94 1.62 8.38 0.98 8.05 0.80 8.71 1.30 
V2O5 0.22  0.21 0.00 0.13  0.29 0.07 0.25 0.02 
Total 101.0 95.2 100.3 96.3 100.5 96.0 99.9 96.6 100.8 92.8 
O=4 
Si 0.01 0.03 0.01 0.05 0.01 0.02 0.01 0.02 0.01 0.01 
Ti 0.00 0.001 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.26 0.002 0.27 0.01 0.26 0.002 0.22 0.003 0.28 0.26 
Cr 1.69 0.03 1.69 0.04 1.71 0.06 1.73 0.14 1.66 1.67 
Fe3 0.03 1.91 0.03 1.86 0.01 1.91 0.03 1.83 0.04 0.05 
Fe2 0.56 0.95 0.59 0.91 0.61 0.95 0.57 0.94 0.60 0.65 
Mn 0.01 0.004 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Mg 0.44 0.08 0.41 0.13 0.40 0.06 0.43 0.07 0.40 0.34 
V 0.004 0.001 0.004 0.001 0.004  0.003 0.002 0.005 0.005 
Total 3.01 3.94 3.01 3.90 3.00 3.94 3.01 3.89 3.01 3.02 
Mg# 0.44 0.08 0.41 0.12 0.40 0.06 0.43 0.07 0.40 0.34 
Cr# 0.87 0.95 0.86 0.88 0.87 0.97 0.89 0.98 0.85 0.87 







Rock–type Schistose serpentinite 
Sample TDSCH–18 
Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.25 1.49 0.18 1.54 0.26 1.53 0.24 1.6 0.19 1.21 
TiO2 0.03  0.10  0.00 0.01  0.00 0.05  
Al2O3 7.55 0.02 7.75 0.07 7.46 0.07 7.59 0.09 7.40 0.04 
Cr2O3 60.5 0.48 58.9 0.11 62.5 0.54 61.5 1.05 64.9 0.53 
Fe2O3 1.63 67.1 2.02 68.5 1.60 68.4 1.36 68.1 1.57 69.7 
FeO 23.5 33.6 28.5 33.8 22.1 34.2 25.5 34.0 18.6 34.0 
MnO 0.44  0.40  0.21  0.23  0.16  
MgO 6.38 0.19 3.30 0.48 7.75 0.32 5.54 0.58 10.3 0.29 
V2O5 0.16 0.02 0.26 0.06 0.21  0.14 0.06 0.33 0.05 
Total 100.3 96.2 101.2 97.7 102.0 98.2 101.9 98.6 103.3 98.8 
O=4 
Si 0.01 0.07 0.01 0.07 0.01 0.07 0.01 0.08 0.01 0.06 
Ti 0.001  0.003   0.001  0.00 0.001  
Al 0.31 0.001 0.32 0.004 0.29 0.004 0.30 0.01 0.28 0.002 
Cr 1.64 0.08 1.62 0.004 1.65 0.02 1.65 0.04 1.66 0.02 
Fe3 0.04 1.87 0.05 1.88 0.04 1.87 0.04 1.85 0.04 1.90 
Fe2 0.67 1.05 0.83 1.03 0.62 1.04 0.72 1.03 0.50 1.03 
Mn 0.01  0.01  0.01  0.01  0.004  
Mg 0.33 0.01 0.17 0.03 0.39 0.02 0.28 0.04 0.50 0.02 
V 0.004 0.001 0.01 0.002 0.01  0.003 0.002 0.01 0.002 
Total 3.01 3.92 3.02 3.92 3.01 3.92 3.01 3.90 3.01 3.93 
Mg# 0.33 0.01 0.17 0.03 0.39 0.02 0.28 0.03 0.50 0.02 
Cr# 0.84 0.94 0.84 0.51 0.85 0.84 0.85 0.89 0.86 0.90 









Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.19 0.30 0.20 0.23 0.25 0.35 0.20 0.29 0.17 0.33 
TiO2 0.14 0.01 0.18 0.13 0.13 0.08 0.18  0.23 0.03 
Al2O3 18.4 0.15 18.4 0.18 18.9 0.25 18.8 0.08 19.4 0.10 
Cr2O3 48.6 20.6 47.2 36.3 46.5 35.5 46.4 1.87 48.7 4.98 
Fe2O3 1.2 50.5 0.80 33.00 0.71 33.6 0.83 71.0 1.57 66.5 
FeO 22.6 32.9 27.6 32.4 28.1 32.3 26.1 33.5 21.5 33.0 
MnO 0.12 0.00 0.31 0.03 0.22 0.13 0.31  0.26  
MgO 8.11 0.22 4.79 0.30 4.58 0.36 5.60 0.06 9.26 0.12 
V2O5 0.28 0.08 0.14 0.08 0.26 0.15 0.17 0.07 0.13 0.09 
Total 99.5 99.8 99.6 99.3 99.5 99.3 98.4 99.6 101.1 98.4 
O=4 
Si 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ti 0.003 0.003 0.004 0.004 0.003 0.002 0.01  0.01 0.004 
Al 0.70 0.01 0.72 0.01 0.74 0.01 0.74 0.003 0.72 0.004 
Cr 1.25 0.59 1.24 1.06 1.22 1.03 1.22 0.05 1.22 0.14 
Fe3 0.03 1.38 0.02 0.91 0.02 0.93 0.02 1.92 0.04 1.83 
Fe2 0.61 1.00 0.77 0.99 0.78 0.99 0.73 1.01 0.57 1.01 
Mn 0.003 0.00 0.01 0.01 0.01 0.004 0.01  0.01  
Mg 0.39 0.01 0.24 0.02 0.23 0.02 0.28 0.003 0.44 0.01 
V 0.01 0.002 0.003 0.002 0.01 0.004 0.004 0.002 0.003 0.003 
Total 3.01 3.62 3.01 3.38 3.00 3.39 3.01 3.95 3.01 3.88 
Mg# 0.39 0.012 0.24 0.02 0.23 0.02 0.28 0.003 0.44 0.01 
Cr# 0.64 0.99 0.63 0.99 0.62 0.99 0.62 0.94 0.63 0.97 





Rock–type Schistose serpentinite 
Sample TDSCH–18–2 
Mineral core rim core rim core rim core core core core 
Major-element compositions (in wt%) 
SiO2 0.25 0.88 0.27 1.37 0.23 0.72 0.25 0.21 0.31 0.24 
TiO2    0.02  0.07 0.06 0.05 0.01  0.03 
Al2O3 8.91 0.15 8.39 0.01 7.95 0.42 7.93 8.39 8.14 8.09 
Cr2O3 57.3 12.4 60.4 1.78 61.8 50.7 60.3 60.5 59.8 57.1 
Fe2O3 1.43 53.4 1.35 65.2 1.53 16.9 1.34 1.10 1.62 1.57 
FeO 23.1 31.5 23.8 32.6 23.8 30.9 23.9 24.9 22.9 24.1 
MnO 0.47 0.07 0.35  0.56 0.56 0.50 0.43 0.42 0.34 
MgO 6.17 0.31 6.54 0.50 6.61 1.23 6.14 5.72 6.83 5.34 
V2O5 0.28 0.04 0.23  0.17 0.11 0.20 0.18 0.16 0.27 
Total 97.7 93.4 101.2 94.9 100.2 99.9 100.5 101.3 99.9 96.9 
O=4 
Si 0.01 0.04 0.01 0.07 0.01 0.28 0.01 0.01 0.01 0.01 
Ti    0.001  0.00 0.002 0.001 0.00  0.001 
Al 0.37 0.01 0.33 0.00 0.32 0.02 0.32 0.34 0.33 0.34 
Cr 1.58 0.47 1.61 0.07 1.64 1.55 1.63 1.62 1.62 1.60 
Fe3 0.04 1.55 0.03 1.84 0.04 0.46 0.03 0.03 0.04 0.04 
Fe2 0.67 1.01 0.67 1.02 0.67 0.94 0.68 0.71 0.65 0.72 
Mn 0.01 0.003 0.01  0.01  0.02 0.01 0.01 0.01 
Mg 0.32 0.02 0.33 0.04 0.30 0.02 0.31 0.29 0.35 0.28 
V 0.01 0.001 0.01  0.01 0.003 0.004 0.004 0.004 0.01 
Total 3.01 3.72 3.01 3.90 3.01 3.18 3.01 3.01 3.01 3.01 
Mg# 0.32 0.02 0.33 0.03 0.33 0.07 0.31 0.29 0.35 0.28 
Cr# 0.81 0.98 0.83 0.99 0.84 0.99 0.84 0.83 0.83 0.83 




Rock–type Schistose serpentinite 
Sample TDB–1 
Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.20 0.19 0.16 0.21 0.32 0.27 0.22 0.22 0.19 0.3 
TiO2 0.05 0.00 0.00 0.02 0.01    0.04   
Al2O3 5.74 0.02 5.79 0.03 5.84 0.13 6.15 0.12 6.51 0.06 
Cr2O3 61.8 18.4 61.5 24.9 62.3 10.4 60.3 20.2 60.3 25.9 
Fe2O3 1.28 53.7 1.47 46.4 1.21 61.3 1.22 47.8 1.31 45.7 
FeO 25.2 32.3 25.2 31.9 25.9 32.6 25.9 30.5 27.2 32.1 
MnO 0.60 0.08 0.37 0.35 0.36  0.53 0.18 0.58 0.29 
MgO 4.81 0.53 4.81 0.53 4.86 0.38 4.21 0.52 3.62 0.66 
V2O5 0.13 0.12 0.28 0.19 0.25 0.11 0.27 0.22 0.21 0.23 
Total 100.0 100.0 99.5 99.8 100.9 99.1 98.7 95.0 99.8 100.7 
O=4 
Si 0.01 0.01 0.01 0.009 0.011 0.01 0.01 0.01 0.01 0.01 
Ti 0.001 0.00 0.00 0.00 0.00    0.001   
Al 0.24 0.001 0.24 0.001 0.24 0.01 0.26 0.01 0.27 0.003 
Cr 1.72 0.64 1.71 0.85 1.71 0.38 1.69 0.73 1.68 0.87 
Fe3 0.03 1.46 0.04 1.27 0.03 1.68 0.03 1.37 0.04 1.24 
Fe2 0.74 0.98 0.74 0.97 0.75 0.99 0.77 0.97 0.80 0.97 
Mn 0.02 0.003 0.01 0.01 0.01  0.02 0.01 0.02 0.01 
Mg 0.25 0.04 0.25 0.03 0.25 0.03 0.22 0.04 0.19 0.04 
V 0.003 0.004 0.01 0.01 0.01 0.003 0.01 0.01 0.01 0.01 
Total 3.00 3.66 3.00 3.55 3.00 3.78 3.00 3.61 3.00 3.53 
Mg# 0.25 0.03 0.25 0.03 0.25 0.02 0.23 0.03 0.19 0.04 
Cr# 0.88 1.00 0.88 1.00 0.88 0.98 0.87 0.99 0.86 1.00 







Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.20 0.25 0.25 0.24 0.23 0.27 0.28 0.74 0.21 0.28 
TiO2  0.07  0.03 0.05 0.03 0.03   0.01 
Al2O3 6.91 6.29 6.91 5.37 6.90 6.27 6.92 1.48 6.72 4.02 
Cr2O3 63.0 58.0 63.9 58.0 64.24 59.3 63.8 24.4 64.3 40.2 
Fe2O3 1.37 3.27 0.97 4.73 1.13 2.93 1.03 43.2 1.02 23.8 
FeO 20.2 29.7 19.5 31.4 18.7 29.8 20.0 32.9 17.9 31.9 
MnO 0.38 0.09 0.36  0.32 0.16 0.26  0.28 0.08 
MgO 8.50 2.37 9.13 1.41 9.73 2.53 8.92 0.52 10.0 0.69 
V2O5 0.31 0.22 0.26 0.26 0.14 0.14 0.16 0.15 0.18 0.07 
Total 100.7 99.9 101.0 101.0 101.0 101.1 101.3 99.0 100.6 98.7 
O=4 
Si 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 
Ti 0.00 0.002 0.00 0.01 0.001 0.001 0.001 0.00 0.00 0.003 
Al 0.27 0.26 0.27 0.23 0.27 0.26 0.27 0.06 0.26 0.17 
Cr 1.68 1.63 1.69 1.63 1.68 1.64 1.68 0.70 1.70 1.16 
Fe3 0.04 0.09 0.02 0.13 0.03 0.08 0.03 1.18 0.03 0.65 
Fe2 0.57 0.88 0.54 0.94 0.52 0.87 0.56 1.00 0.50 0.97 
Mn 0.01 0.003 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.003 
Mg 0.43 0.13 0.45 0.08 0.48 0.13 0.44 0.03 0.50 0.04 
V 0.01 0.01 0.01 0.08 0.003 0.003 0.004 0.004 0.004 0.002 
Total 3.00 3.02 3.00 3.11 3.00 3.02 3.00 3.48 3.00 3.25 
Mg# 0.43 0.12 0.46 0.07 0.48 0.13 0.44 0.03 0.50 0.04 
Cr# 0.86 0.86 0.86 0.88 0.86 0.86 0.86 0.92 0.87 0.87 









Mineral core rim core rim core rim core rim core rim 
Major-element compositions (in wt%) 
SiO2 0.20 0.25 0.31 0.47 0.26 0.37 0.27 0.44 0.25 1.18 
TiO2 0.00     0.05  0.04  0.02 
Al2O3 8.07 0.06 9.37 5.90 8.03 0.11 8.64 0.08 7.93 0.10 
Cr2O3 58.3 7.25 60.0 39.6 59.3 1.77 58.1 1.77 58.1 1.57 
Fe2O3 0.19 65.3 2.17 23.5 0.09 67.2 0.63 68.3 0.32 67.2 
FeO 28.7 33.3 20.8 31.0 29.0 31.7 27.0 32.6 28.5 33.0 
MnO 0.23  0.06 0.17 0.16 0.00 0.56  0.39  
MgO 2.75 0.09 8.87 1.92 2.90 0.25 3.89 0.06 2.76 0.52 
V2O5 0.16 0.02 0.14 0.12 0.24 0.05 0.18  0.11 0.00 
Total 98.6 99.4 101.5 100.3 100.0 94.8 99.2 96.5 98.3 96.8 
O=4 
Si 0.01 0.01 0.01 0.02 0.01 0.01 0.009 0.02 0.01 0.04 
Ti 0.00 0.00  0.00  0.001  0.001 0.00 0.001 
Al 0.34 0.00 0.36 0.24 0.33 0.01 0.36 0.004 0.33 0.004 
Cr 1.64 0.21 1.56 1.10 1.65 0.05 1.61 0.05 1.64 0.05 
Fe3 0.01 1.77 0.05 0.62 0.002 1.91 0.02 1.91 0.01 1.86 
Fe2 0.85 1.00 0.57 0.91 0.85 1.00 0.79 1.01 0.85 1.02 
Mn 0.01  0.002 0.01 0.01  0.02 0.00 0.01  
Mg 0.15 0.00 0.44 0.10 0.15 0.01 0.20 0.003 0.15 0.03 
V 0.004 0.00 0.003 0.003 0.01 0.002 0.004 0.00 0.003 0.00 
Total 3.00 3.86 3.02 3.25 3.00 3.94 3.003 3.94 3.00 3.91 
Mg# 0.15 0.00 0.43 0.10 0.15 0.01 0.20 0.003 0.15 0.03 
Cr# 0.83 0.99 0.81 0.82 0.83 0.92 0.82 0.94 0.83 0.91 
Fe3# 0.003 0.89 0.03 0.32 0.001 0.97 0.01 0.97 0.004 0.97 
98 
 
Appendix II. Bulk-Rock compositions 

















Major-element compositions (in wt%) 
SiO2 42.9 36.6 33.3 40.6 39.1 38.4 39.1 
TiO2 0.01 0.01 0.01 0.00 0.00 0.01 0.01 
Al2O3 0.24 0.09 0.09 0.08 0.11 0.08 0.07 
FeO 7.45 6.60 6.94 7.07 7.45 7.93 7.38 
MnO 0.11 0.11 0.12 0.11 0.11 0.09 0.09 
MgO 41.4 37.7 36.7 43.1 41.0 37.3 38.5 









   
  
P2O5 0.002 0.002 0.002 0.001 0.002 0.004 0.004 
Total 92.3 81.4 77.4 91.7 87.7 84.0 85.3 
LOI 12.6 17.5 20.2 12.5 12.5 11.4 11.5 
Trace-element compositions (in μg/ g) 
V 21.7 57.5 49.2 62.5 39.7 25.0 25.6 
Cr 3779 8388 8923 8534 4471 5124 3455 
Ni 2446 2183 2277 2247 2359 2118 2214 
Rb 0.70 0.60 0.40  0.10 0.10   




   
  
Y 0.60 1.20 0.80 0.30 0.00 0.30 1.40 
Zr 2.60 1.70 1.10 1.30 1.90 1.30 1.90 









Sample TDS–11 TDS–16 TDS–20 
Major-element compositions (in wt%) 
SiO2 32.7 32.0 36.8 
TiO2 0.004 0.002 0.02 
Al2O3 0.06 0.13 0.35 
FeO 5.83 7.01 6.79 
MnO 0.08 0.11 0.07 
MgO 35.7 36.2 35.0 
CaO 0.05 0.10 0.03 
Na2O 
   
K2O 
   
P2O5 0.01 0.01 0.01 
Total 75.04 75.2 79.23 
LOI 23.9 23.3 19.7 
Trace-element compositions (in μg/ g) 
V 34.5 39.4 29.7 
Cr 6727 6151 3322 




Sr 3.40 3.30 3.30 
Ba 0.00 0.00 0.80 
Y 0.30 0.80 0.40 
Zr 2.30 1.70 1.70 
Nb 0.90 1.10 1.10 
 
